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Silver nanoclusters encapsulated in oligonucleotide scaffolds exhibit remarkably bright 
emission at both the bulk and single molecule level.  With emissive species across the 
visible and into the near infrared, these clusters offer the potential to create a new class of 
biological labels with vast improvements over existing dyes. 
 Here we evaluate and optimize many of the characteristics necessary for 
extending these fluorophores toward eventual applications in biological imaging.  
Through spectral purification, photophysical characterization at the bulk and single 
molecule level was achieved for several fluorescent species.  Studies reveal the presence 
of a microsecond blinking component resulting from a short-lived dark state.  The lack of 
intermittency on a longer time scale leads to much higher emission rates than common 
organic dyes.   
 This dark state was found to be photo-accessible with a very efficient 
depopulation transition leading to repopulation of the emissive state.  Secondary 
excitation on resonance with this transition significantly shortens the residence time in 
the dark state giving rise to as much as 5-fold fluorescence enhancement.  Manipulation 
of the secondary laser can be used to impose a specific waveform onto the fluorescent 
signal resulting in a regular modulation of the emission.  Signal processing techniques 
can be employed to extract the modulated signal from large backgrounds, leading to 
drastically improved sensitivity. 
 This new imaging concept can be extended, beyond Ag nanoclusters, to common 
organic fluorophores that demonstrate large dark state quantum yields.  These 
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fluorophores simultaneously illustrate the utility of this technique and help to define a 
general set of parameters for engineering ideal dyes for modulated signal extraction.  
Ideally suited for fluorescence enhancement, FRET pairs can be used to engineer a wide 
range of modulatable systems, based on detecting donor emission in the presence of a 
laser directly exciting the acceptor.  The utility of Ag nanoclusters, organic dyes, and 









Primarily through technological developments, fluorescence microscopy has been 
instrumental in recent advancements in biological imaging.1-9  New techniques have 
enabled investigators to address numerous biological questions such as those involving 
cellular pathways10,11 and protein dynamics.12,13  Despite our greater understanding of 
biological function, two fundamental problems persist- limited spatial resolution14-16 and 
poor signal sensitivity.2,5  The intricacy of biological measurements has grown as efforts 
to extract information target ever smaller subcellular components.17,18  This emphasis on 
distinguishing features with better resolution and higher sensitivity constantly pushes the 
limits of existing technology.  Beginning with the earliest microscopes, a steady and 
concerted effort has been made toward the development of newer and better technology 
as is necessary to address the increasingly complex issues related to both resolution and 
sensitivity. 
 Antoni van Leeuwenhoeck’s 17th century development of a simple microscope 
using transmitted light to view microbes exposed a previously invisible world laying the 
foundation for many technological advances over the next few centuries.19  Steady 
advancements in optical microscopy helped lead to the discovery and visualization of 
microbes associated with diseases such as tuberculosis and cholera.20  With a push toward 
even smaller size regimes, other complementary microscopy techniques were developed.  
With the advent of electron microscopy in the 1930s, tremendously detailed images of 
minuscule cellular components were now easily obtained.  The power of this technique to 
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conceptualize basic biological structure is best illustrated in its early use to 
comprehensively solve virus structures.20  While morphology is readily resolved, the 
static images associated with electron microscopy are incompatible with understanding 
cellular function. 
Proteins involved in specific biological processes are typically indistinguishable 
from the many other components in the cell using either optical microscopy or electron 
microscopy.  Thus, visualization of cellular dynamics requires the isolation of subcellular 
components such that they can be discriminated from the rest of the cell.  Coming to 
prominence during the middle of the 20th century, fluorescence microscopy has facilitated 
many advances in cellular dynamics.  Attaching a fluorescent molecule to particular 
proteins allows specific visualization of that protein through the label’s fluorescence.  
The utility of this technique was first demonstrated by Coons and Kaplan in the 1950s.  
Covalently attaching a fluorophore to an antibody, they showed that the antibody-antigen 
interaction could be visualized using fluorescence microscopy.21-23  The elegant nature 
and specificity of these interactions are ideal for cellular dynamics as the fluorescent 
marker affects no other proteins.  Despite this progress many challenges remain.  Many 
cellular components naturally fluoresce which can interfere with the detection of the 
fluorescent label.24  The complex dynamics of smaller size regimes often involve low 
copy number proteins limiting the number of fluorescent labels.  As a result, the inherent 
cellular fluorescence can obscure the relatively dim fluorescence signal.  This lack of 
experimental sensitivity thwarts efforts to resolve many dynamic processes and limits 
structural determinations.  Basic experimental considerations can be advantageously 
employed to optimize the sensitivity, but such optimization is most often limited by the 
3 
 
intrinsic properties of the fluorescent label.  Factors such as probe brightness, 
photostability, blinking dynamics, and overall size contribute to the performance of 
fluorophores in biological systems.  Techniques including total internal reflection,25,26 
multi-photon excitation,27,28 and confocal microscopy29,30 are among those most 
commonly used to improve sensitivity.  Meaningful improvements over existing 
fluorophores would allow higher sensitivity measurements leading to imaging on faster 
time scales, labeling of smaller components, and determination of protein dynamics. 
This work focuses on improving sensitivity in fluorescence imaging through the 
development of novel fluorophores and new imaging concepts.  I will demonstrate how 
the unique photophysical characteristics displayed by Ag nanoclusters can be 
advantageously employed and later extended to multiple fluorescent systems.  By 
optically accessing normally detrimental dark states, external manipulation of 
fluorescence intermittency can be used to modify fluorescence properties including 
emission rates.  This allows for controlled enhancement of fluorescence and increased 
sensitivity through optical modulation and specific extraction of fluorescent signals.  The 
versatility of this technique to generate improved sensitivity suggests a wide range of 
possible applications in biological imaging. 
1.2 Fluorescent Labels 
 Fluorescence microscopy is widely utilized in biological imaging,31-34 providing 
detailed information about both cellular structure35,36 and dynamics.37,38  These studies 
are made possible by the labeling of proteins and other subcellular components with 
fluoresecent probes such as quantum dots,39,40 organic dyes,41,42 and fluorescent 
proteins.43,44  The selection of the appropriate label is not a trivial matter and involves the 
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consideration of many factors. Not the least of which is brightness, which can simply be 
defined as the quantity of detected photons for a given excitation intensity.  The two 
major attributes directly related to fluorophore brightness are extinction coefficient and 
quantum yield.  The former is a measure of the ability of the fluorophore to absorb light 
thereby undergoing a transition that populates an excited state, while the latter describes 
the ratio of those excited electrons which undergo relaxation via the release of a photon.  
Clearly, the excitation rate can be increased giving higher emission rates, but biological 
imaging also suffers from very high background, resulting from cellular molecules with 
intrinsic fluorescence.  So any increase in the excitation intensity simultaneously 
increases the background fluorescence.  Biological imaging is not just a matter of 
brightness but more a matter of sensitivity.  Naturally, higher quantum yields and higher 
extinction coefficients lead to brighter emission at lower excitation intensities, resulting 
in better experimental sensitivity.  Commonly utilized organic dyes have extinction 
coefficients ranging from 50,000-300,000 M-1 cm-1 and quantum yields from 10% to 
90%.45-47  Even for the brightest of these dyes, sensitivity is still an issue in many 
applications,2,5 as organic dyes exhibit insufficient emission rates as compared to 
background fluorescence.48  In fact, existing fluorophores have been engineered to 
approach the limits of their brightness potential, leading to the exploration of alternative 
methods such as plasmon enhanced local excitation.49  While moderate increases in 
brightness are realized through these alternatives, they come at the expense of 
biocompatibility and ease of conjugation, defeating two of the natural advantages of 
fairly well developed organic dye labeling.   
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 Fluorescent proteins are typically not as bright as organic fluorophores with 
extinction coefficients of approximately 50,000 M-1 cm-1 and quantum yields 
approaching 50%.50  Their ever increasing popularity in cellular applications, however, is 
not due to their brightness, but rather because they can be genetically encoded within 
biological systems.51,52  Displaying relatively low emission rates, sensitivity for 
fluorescent proteins is an even bigger concern than for organic fluorophores.  Despite 
these disadvantages fluorescent proteins are extremely popular in biologically imaging 
due to the elimination of exogenous based labeling of intracellular structures.  This 
results in more well defined and precise labeling.53  In contrast to fluorescent proteins, 
quantum dots are both brighter and significantly less biologically friendly.  Exhibiting 
extremely large extinction coefficients that approach 106 M-1 cm-1, quantum dots can be 
excited at extremely low intensities without sacrificing brightness.54-56  The low 
excitation intensities minimize background fluorescence, resulting in much improved 
sensitivity.  Thus, quantum dots can be more readily imaged in some cellular 
environments as they are visible above the background.  Quantum dots, however, also 
suffer from multiple issues: their large size (30 nm), once functionalized, poor membrane 
permeability, and possible toxicity.4  Despite their brightness, these factors tend to limit 
quantum dot applications in biological studies.   
While these fluorescent systems exhibit varying levels of sensitivity, each offers 
advantages as well as disadvantages in terms of biological imaging applications.  Many 
of the issues dealing with fluorophore brightness can be masked by simply increasing the 
labeling coverage for the biological system.  When extending measurements to sub-
cellular structures, however, the likelihood of system perturbation is increased with the 
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addition of multiple fluorescent probes.  So while a high degree of labeling, as is normal 
in many ensemble experiments, can mask photophysical deficiencies, as the labeling 
coverage is reduced deleterious effects such as photobleaching and blinking dynamics 
start to dominate. Naturally, this diminishes the fluorophore’s efficacy.  At the single 
molecule level, this leads to additional and more complicated photophysics. 
 
 
.  1.3 Single Molecule Measurements 
 Bulk imaging provides an extraordinary amount of information on biological 
systems.  Helping to elucidate structure and cellular dynamics, these studies form the 
basis for most recent advancements in our understanding of subcellular components.57-59  
Single molecule imaging can be used as a complementary technique, providing more 
detailed understanding of cellular dynamics.  Ensemble measurements by their nature 
average out individual dynamics, while single molecule studies allow the detection of 
kinetic events that help to define the function and illustrate the heterogeneity of 
molecules in the cell.  Mainly demonstrated in vitro, single molecule spectroscopy has 
been used to study ambulatory motor proteins,60,61 oligonucleotide folding,62,63 and  
ribosome function.64,65  Even more so than bulk studies, in vivo single molecule 
applications are limited by signal sensitivity. 
Photophysical behavior affecting sensitivity that was concealed in ensemble 
experiments is often readily apparent in single molecule studies.  A basic three level 
energy diagram (Figure 1.1) serves as an adequate representation to explain many of 
these processes.  The rate of population (kEx) of the singlet excited state (S1) is defined as 
the absorption cross section (σ) multiplied by the excitation intensity (I).  As the 
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excitation intensity increases (S1) is populated at a faster rate.  Fluorophore brightness is 
determined by the rate of fluorescence (kFl), the population of the (kEx), and the quantum 
yield (Φ).  Once an electron reaches (S1) it can either return to (S0) via emission of a 
photon or it can take a non-radiative relaxation pathway.  While exposed to an excitation 
source, the molecule continuously emits photons as the (S0) and (S1) states are alternately 
occupied.  Ultimately the molecule transitions to a nonfluorescent state (D).  This 
transition, kdark, typically has a low probability of occurring,66,67 so requires several 
cycles into the singlet excited state before populating the dark state.  The time the 
molecule spends steadily emitting by cycling between (S1) and (S0), before a dark state 
transition, is referred to as the “on time” (τon).  The lifetime of (D) is referred to as the off 
time (τoff).  Higher excitation intensities lead to faster cycling into the emissive state, 
higher (kEx), and result in a shorter (τon).   
Ensemble experiments typically require modest excitation intensities limiting low 
probability transitions into the dark state.  At the single molecule level, however, much 
higher intensities (> kW/cm2) are required to produce detectable emission rates.  Thus, 
transitions into the dark state occur much more often, typically in time frames less than 
100 ms.67  The transition (kDS) from (D) back to the emissive manifold also has a low 
probability of occurring, giving rise to long-lived dark states which can range from μs to 
seconds.66,67  The overall emission rate is reduced based on the residence time in the dark 
state.  The attenuation of the emission rate as a result of dark state population is shown in 
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At the single molecule level almost all fluorophores have been shown to exhibit blinking 
on time scales ranging from microseconds to a few seconds, including organic dyes;68-70  
fluorescent proteins;71,72 and quantum dots.73-75  Population of the dark state results in 
premature saturation of the fluorescence, resulting in the loss of the expected linear 
response of emitted light with increasing excitation intensities.  Fluorescence 
intermittency (blinking) gives rise to other issues as well.  Occupation of the dark state 
has also been shown to be extremely sensitive to the environment, particularly on 
conjugation to proteins or oligonucleotides.76,77  In Fact, labeling of some systems can 
lead to increased blinking.76,77.  Often these dark states, particularly those of triplet origin, 
are exceptionally reactive, potentially leading to permanent photobleaching.78,79 
Correlation analysis has become a very powerful tool in examining the properties 
of dark state dynamics, successfully revealing transition probabilities and residence times 
in dilute solutions and immobilized molecules.68,80-83  For example,  commonly used 
cyanine dyes have shown complicated blinking dynamics consisting of both a triplet state 
and a non fluorescent photoaccessible isomer.84,85  Despite having ensemble photophysics 
that should yield extremely bright single molecules, the blinking dynamics from both of 
these dark states result in premature saturation such that it leads to significantly lower 
single molecule emission rates.85  A major issue revealed by characterization of blinking 
behavior is that it often occurs on the same time scale as biologically relevant dynamics, 
increasing the potential masking of important cellular processes.   
1.4 Fluorophore Photostability 
Another common issue for both bulk and ensemble imaging is photobleaching, 
which also has a well defined quantum yield and is equally dependent on the excitation 
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intensity.  The best organic dyes undergo approximately ~107 excitation cycles before 
permanently photobleaching.79  Assuming a moderate quantum yield of 50% and a 
detection efficiency of 5%, excitation of a typical single molecule results in 
approximately 250,000 total detected photons before irreversibly bleaching.  In bulk 
imaging, photobleaching leads to a steady decrease in the emission.  Often in samples 
where brightness is an issue, higher excitation intensities are needed to increase emission 
rates leading directly to more rapid photobleaching.  As the sample will eventually lose 
all fluorescence, the duration of experiments are limited by this process.  Imaging 
applications need to balance using a high enough excitation intensity to generate 
sufficient brightness and using a low enough intensity that bleaching can be avoided long 
enough to collect relevant data.  This is particularly evident in the imaging of many 
smaller sub-cellular structures, which utilize fewer fluorescent labels so that higher 
excitation intensities are needed to generate sufficient emission. 
Photobleaching in organic fluorophores is widely believed to result from 
population of highly reactive triplet dark states.86,87  The long residence time in this more 
reactive state increases the probability of a covalent reaction that modifies the dye in such 
a way that it becomes permanently nonfluorescent.  Leading directly to shorter on times, 
higher excitation intensities result in both increased background and premature bleaching 
due to population of reactive dark states.  Clearly many of the issues encountered in 
biological imaging are interrelated, where photophysical processes, such as blinking, 
affect fluorophore behavior.  Further advances in biological imaging would be assisted by 
more stable dyes. 
1.5 Metal Cluster Theory 
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The size dependent properties of noble metals in the nanometer regime have been the 
focus of an increasing amount of research.88,89  Such characteristics, derived from the 
electronic structure of these metals with electrons occupying a filled d shell and an 
additional electron in an s orbital, lead to unique behavior.  For metals the outermost 
electrons are traditionally considered free electrons in the sense that within bulk metal 
they are delocalized and moving independently within the crystal lattice.90  It was 
originally proposed by Drude that the system of free electrons could be treated as an ideal 
gas and thus subject to behavior based the same fundamental properties.90,91  Then these 
free moving electrons would be vulnerable to collisions and scattering with both other 
electrons and the rather static positive ions within the crystal lattice.91  The electronic 
equation of motion is described by  
 
            
 
where t = time, p = electron momentum, q = charge, E = electric field, and Τ = mean free 
time between collisions.  Electron interactions between collisions can be neglected, and 
the free electrons can act in concert rather than as individual electrons.  Under certain 
excitation energies the entire electron cloud is simultaneously excited as a group as 
opposed to individually.  This plasmon absorption of the collective at the proper 
frequency leads to electron oscillations at the same frequency as the originally absorbed 
light.91   
Bulk metals exhibit a continuous density of states giving freedom of motion for 
the electrons due to lack of band gap formation.91  These continuous states as described 




the resulting atomic orbitals lead to the number of molecular orbitals.  The resulting band 
structure, valence and conduction bands, are so close in energy for a metal that no band 
gap exists.  However as the number of orbitals is reduced, as a result of smaller particle 
size, the conduction and valence bands become discrete leading to an energy gap that 
increases with decreasing size .92  The energy level spacing, δ, can be represented by  
  
 
where EF is the Fermi level and N is the number of conduction electrons.  This becomes 
particularly relevant to the electronic properties of the metal cluster when the size 
approaches that of the deBroglie wavelength of electrons at the Fermi energy level, at 
which point the system clearly exhibits molecular states.93 Thus, clusters of this size 
develop molecular properties such as a separation between electronic states analogous to 
the commonly used terminology for molecules of HOMO and LUMO.  At small size 
regimes visible and near infrared light should be sufficient to populate excited states and 
open the possibility of radiative decay in form of fluorescence. 
   
 1.6 Silver Clusters 
In an aqueous environment without the benefit of a scaffold or template, 
aggregation of free silver atoms quickly leads to particles that are orders of magnitude 
larger than what could conceivably give well defined molecular behavior.  As a result, the 
formation of small silver clusters in aqueous solutions has proved challenging.  
Alternatively, encapsulation via low temperature rare gas matrices produced the first 




fluorescence.94,95  Producing clusters ranging from 2 to 8 atoms encapsulated primarily in 
argon and krypton gas matrices, these studies nicely demonstrated that fluorescence can 
readily be generated from small silver clusters. 
In argon matrices, emission peaks at 478 nm and 620 nm were assigned to Ag2 
and Ag3, respectively, with an additional peak at 699 nm also designated as Ag3.96  Other 
studies in similar matrices showed a number of emission peaks (278 nm, 286 nm, and 
479 nm) generated from excitation of the Ag dimer.  The same study also reported peaks 
for the trimer at 374nm, 616 nm, and 705 nm.97  Further studies showed similar trends for 
Ag clusters, including those incorporating up to 8 atoms.98,99  These studies demonstrated 
for the first time that the theorized emission from small Ag nanoclusters could be 
experimentally observed via controlled cluster formation.  In order to make Ag 
nanoclusters more viable as fluorescent probes, efficient encapsulation was required 
beyond the somewhat idealized conditions of trapping in rare gas matrices. 
Extending the formation of Ag nanoclusters to aqueous environments, Henglein 
used a polyphosphate to encapsulate Ag ions with subsequent γ ray exposure leading to 
reduction of the Ag ions and formation of various clusters.100-102  Due to inefficient 
scaffolding, the survival time of the clusters before aggregation was too short to detect 
emission, but the authors were able to record absorption spectra of a number of species 
with various charged states.  These studies confirmed that discrete transitions, in the form 
of absorption bands, can be observed for Ag nanoclusters ranging from 2 to 4 atoms in 
aqueous environments.101,103  While a useful development, the short survival time and the 
lack of demonstrated fluorescence showed the need for a more suitable scaffold.  Further 
studies have shown that PAMAM dendrimer scaffolds effectively encapsulate small Ag 
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nanoclusters leading to emission across the visible and near infrared.104,105  These 
clusters, while exhibiting extremely bright fluorescence even at the single molecule level, 
were incompatible with biological imaging as they could not be formed in sufficient 
quantities.  While not fully functional for use as biological probes, the presence of bright 
fluorescent Ag clusters illustrated that Ag nanoclusters in aqueous solutions maintained 
the same emissive properties as previously seen in rare gas matrices.   
Building on the success seen in other scaffolds, more recently both 
oligonucleotides and peptides have been shown to effectively protect Ag nanoclusters 
from aggregation, resulting in a variety of fluorescent species.83,106-110  With emission 
across the visible into the infrared, oligonucleotide encapsulated Ag nanoclusters exhibit 
high quantum yields and extinction coefficients, leading to extremely bright emission.  
While limited in their scope initial studies showed that ssDNA encapsulated Ag 
nanoclusters exhibited interesting and unique photophysical properties.83  In depth 
characterization of these photophysical parameters is the partial basis for the work 
detailed in this thesis. 
1.7 DNA-Ag Interactions 
While the fundamental purpose of DNA is to store the genetic information necessary 
for the replication of biological systems, DNA has also been extensively employed as a 
scaffold.111,112  Composed of a negatively charged phosphodiester backbone structure, 
oligonucleotides are well suited for applications in aqueous solutions and have been 
shown to bind a wide range of metal ions.113  Ideally composed of distinct building 
blocks in the form of natural bases (cytosine, guanine, adenine, and thymine), DNA 
machinery can be programmed to assemble nano-sized structures based on sequence, 
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length, and conformation.114-117  These structures range from relatively simple 
nanowires118-120 to increasingly complex three dimensional networks.121   While 
nanowires down to 10 nm can be constructed with DNA templates using a variety of 
metals including both gold118,120 and silver118,119, more elaborate structures such as Ag 
nanorings can also be constructed using the correct parameters.121  The methods involved 
in the construction of the Ag nanorings were based on the ability of long strands of DNA 
to form toroidal structures via condensation.  Ag ions were readily bound to the DNA 
structure and subsequently reduced yielding silver structures matching the shape of the 
DNA template.  Such facile synthetic methods to form complex shapes illustrates the 
versatility of ssDNA as a template.  An important aspect for all of these structures is that 
the construction processes involves the direct binding of metal ions such as Ag+ to the 
DNA scaffold. 
 The two potential binding sites of Ag are the heterocyclic bases, Guanine, 
Cytosine, Adenine, and Thymine, or the negatively charged phosphodiester backbone. 
The negatively charged backbone seems to offer a favorable site for the binding of 
positively charged metal ions, and in fact divalent alkaline earth metals such as Mg2+ 
have actually been shown to bind directly to the backbone,122 The bases offers additional 
binding sites as well.  Studies involving transition metals show almost no interaction with 
the backbone phosphate groups but significant interaction with the bases.122-124  
Comparison of the Raman bands specific for the bases and for the backbone of naked 
DNA with various interacting metals reveals the predominance for transition metals to 
interact with the nucleotide bases.122  These results were substantiated by absorption 
studies of similar systems that showed peaks corresponding to backbone absorption were 
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not perturbed with the addition of Ag ions, while those specific to the bases were 
significantly altered.124   
 Specific interactions of oligonucleotides with fluorescent Ag nanoclusters have 
been studied by Petty and coworkers to determine the origin of binding of the cluster to 
the DNA scaffolds.125  The formation of fluorescent clusters was found to be highly 
dependent on the pH of the solution relative to the pKa of the N3 of both cytosine and 
thymine.  The fluorescent species could only be formed once the pH of the solution 
exceeded the pKa, suggesting that the N3 position is instrumental in the binding of fully 
reduced Ag nanocluster.  Thus, the base sequence as well as the pH of the solution could 
potentially be used to control the scaffold-Ag interaction such that specific nanocluster 
formation can be controlled. 
 Ag nanocluster excited state interactions with the DNA have proven to be 
important as well.   Transient absorption studies of a series of fluorescent Ag 
nanoclusters all in scaffolds consisting of different base sequences yielded remarkably 
similar results.  In each case a transient species existed in the microsecond time regime 
with an absorption peak near 700 nm.126  These studies suggest that the origin of this state 
is the same in all the species studied and the likely cause of the microsecond 
intermittency observed in single molecules of Ag nanoclusters.83  The transient 
absorption spectra were very similar to that of anionic cytosine resulting from charge 
injection.  These similarities led Patel and coworkers to assign the origin of the 
fluorescence intermittency seen in Ag nanocluster emission to a charge transfer process 
involving the DNA.126  The preponderance of data shows that both Ag ions and clusters 
interact mainly with the heterocyclic bases.  While synthetic techniques in most cases are 
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quite simple, the ongoing interaction of the cluster with the oligonucleotide appears to be 
more complex, influencing Ag nanocluster photophysical properties.   
1.8 Signal Extraction 
Recent attempts to increase fluorophore brightness, through the development of 
new fluorescent labels such as quantum dots, have resulted in minimal gains in true 
sensitivity.   The suppression of background fluorescence using near infrared emitting 
dyes, total internal reflection excitation, and multiphoton excitation are moderately more 
successful in the generation of less background, but they fail to actively separate the 
background fluorescence from the label emission.  Cellular autofluorescence is still 
significant enough even at moderate excitation intensities that it can obscure both bulk 
and single molecule signals.  Improvements beyond simply developing brighter dyes are 
needed.  Decoupling a specific signal from the background via differences in the 
photophysical behavior should facilitate the use of signal processing techniques to 
drastically improve sensitivity through specific signal extraction.  This can be 
accomplished by selectively imposing a specific modulation frequency onto the emission 
signal without affecting the background. 
While rather simple conceptually, implementation with fluorescence is technically 
challenging. Direct excitation of a fluorophore also simultaneously excites any 
background fluorescence.  An increase in excitation intensity results in both brighter label 
emission and background emission, therefore modulation of the excitation source would 
simultaneously modulate both as well.  Only a process that acts solely on the fluorescent 
signal, such that it can be excited out of phase from the background, would allow for the 
use of modulation based signal extraction in biological imaging.  Similar types of signal 
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processing are widely employed in science and medicine including applications such as 
magnetic resonance imaging127 and absorption spectroscopy.128  Signal processing often 
relies on the manipulation of a sensory signal with a specific frequency component and 
subsequently the selective extraction of the specifically imposed frequency.129  Through 
these methods an additive signal of many components can be decomposed into the 
individual components.  In the case of fluorescence imaging, two major components 
combine to make up the observed signal- probe fluorescence and background light.  
Coupled with external factors, these also contribute to signal noise.  While there are many 
forms of signal decomposition, one of the most widely utilized is Fourier decomposition.  
Where for a given time series, f(t), the Fourier transform in order to project the time 
domain onto the frequency domain is 
                ∞∞  
 
Encoding an external periodic waveform onto the fluorescence signal would allow 
for its specific extraction via Fourier analysis of the resulting time based signal.  The 
unmodulated background would be observed in the zero frequency component, and the 
target signal would be shifted out to the modulation frequency, decoupling it from the 
background.  In this work I will show that Ag nanoclusters exhibit unique photophysics 








1.9 Fluorescence Energy Transfer 
Fluorescence Resonance Energy Transfer (FRET) has become an important technique in 
biological imaging, primarily in distinguishing the proximity of two separately labeled 
components.130-133  Energy transfer takes place between a donor fluorophore and an 
acceptor fluorophore via a non-radiative dipole-dipole interaction.  The rate and therefore 
the extent of energy transfer is governed by a number of factors, including the spectral 
overlap between the FRET pair, the quantum yield of the fluorophores, and the distance 
between the FRET pair.  This extremely sensitive distance dependence can be used as a 
molecular ruler where distances between appropriately labeled macromolecules can be 
estimated based simply on the rate of energy transfer (ket).46  The rate of energy transfer, 







where τd is the lifetime of the donor in the absence of the acceptor, R0 is the Forster 
radius, and r is the distance between the donor and acceptor.  The Forster radius is 
defined as the distance at which the energy transfer efficiency is equal 50%.  ket can be 











where Qd is the quantum yield of the donor, κ2 is the relative orientation of the dipoles, η 
is the refractive index of the solution, and J(λ) is the spectral overlap in terms of the 
normalized emission at the acceptor absorption wavelength and the extinction coefficient 
of the acceptor at the same wavelength.46,134 The energy transfer rate can be represented 
in many forms  
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where Fda and Fd  are the integrated fluorescence of the donor in the presence of the 
acceptor and the absence of the acceptor, respectively.  Correspondingly, direct 
measurements of the quantum yield or the lifetime of the donor can be used to calculate 
the distance between the donor and acceptor.   
 Energy transfer is dependent on a donor in the excited state residing in close 
proximity to an acceptor with suitable spectral overlap.  The presence of the acceptor 
opens a competing pathway for relaxation of the excited donor, reducing the probability 
of donor emission.  The result is a lower donor quantum yield.  When the acceptor is 
already in the excited state, the pathway for energy transfer is blocked, increasing the 
probability of donor emission.  For example, if the fluorescence lifetime of the acceptor is 
significantly longer than the donor, a pile up effect can occur where energy transfer is 
inhibited and the donor emits for several excitation cycles while waiting for decay of the 
acceptor.  Alternatively, energy transfer can be blocked by direct excitation of the 
acceptor in a process referred to as frustrated fret.134-137  The result is a decrease in the 
FRET efficiency and an increase in the effective quantum yield of the donor, leading to 
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higher donor emission.  In this way, the FRET process is analogous to that shown earlier 
for fluorescence intermittency.  Directly exciting the acceptor with a secondary laser 
leads to an increase in the donor quantum yield in much the same way as depopulation of 
the dark state.  The similar nature of these processes suggests that it may be feasible to 
use both dark state depopulation and frustrated FRET as way of modulating fluorescence 






















2.1 Ag Nanocluster Synthesis 
Ag nanoclusters examined in this work were all encapsulated in oligonucleotide 
scaffolds.  The formation of specific Ag nanocluster species, as determined by emission 
wavelength, was highly reliant on the scaffold base sequence.  The identification and 
characterization of this oligonucleotide sequence specificity will be discussed at length 
and is one focus of this work.  Single stranded deoxyribonucleic acid (ssDNA) was 
purchased from Integrated DNA Technologies (IDT) typically in 1 µmole quantities and 
received in solid form.  After standard desalting by the supplier, the actual yield received 
ranged from 200-800 nanomoles.  This solid was dissolved in 1 mL of deionized water 
(18.2 MΩ) without further purification yielding a stock solution of oligonucleotide for 
additional experiments.  The appropriate volume of this stock solution was used to create 
a final concentration of 50 µM of the oligonucleotide in 1 mL of the final solution.  After 
further dilution with the required amount of deionized water necessary to reach the 1 mL 
final volume, AgNO3 (Sigma-Aldrich, 99.9999%) was added at a molar ratio ranging 
from 4:1 to 7:1 to that of the oligonucleotide with the exact ratio depending on the target 
cluster.  This solution was allowed to rest at room temperature for 10 minutes before the 
addition of a strong reducing agent, NaBH4 (Aldrich 98%), of either 1:2 or 1:1 molar ratio 
to the Ag ions, again with the ratios varying with the nanocluster species.  For all species, 
within a few minutes of the addition of the reducing agent the final solution would turn a 
bright yellow.  This solution was kept at room temperature for approximately 2 hours at 
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which point fluorescence was typically observed.  Samples were stored at 4º C to prolong 
shelf life and stability.  Specific details on the oligonucleotide sequences and reactant 
ratios for all Ag nanocluster species are shown in table 3.1 and discussed at length in 
chapter 3.     
 Oligonucleotides functionalized, at either the 5' or the 3' end, with various organic 
dyes, including cy5, cy3 and texas red, were purchased from IDT after HPLC 
purification.  The yield for 1 µmole of these samples was typically less than 100 
nanomoles due to the higher level of purification.  Additional oligonucleotide scaffolds 
functionalized with biotin were also purchased from IDT.  Biotinylation was carried out 
at IDT and was available as 5', 3', or internal modification.  Biotinylation was available 
directly attached to the scaffold or with an intermediate triethylene glycol spacer.  
Synthesis of Ag nanoclusters in biotinylated oligonucleotides was done with the same 
ratio of reactants as detailed for the naked DNA scaffold.  These scaffolds, however, 
required a well regulated pH in order to maintain spectral purity and high creation 
efficiency.   The ph dependence varied for each scaffold and is discussed in chapter 3.  
 
2.2 Microarray and Plate Reader Analysis 
DNA microarrays (Combimatrix) were used for the high throughput screening of 
oligonucleotide strands targeting those that selectively encapsulate specific species of Ag 
nanoclusters.  Each array is comprised of four separate blocks containing 2240 spatially 
defined wells, which are 40 micrometers in diameter. Each well can be individually 
programmed based on oligonucleotide length and base sequence.  DNA sequences are 
synthesized on a semiconductor chip built into the array surface via electrochemistry and 
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are anchored via the 3' end of the strand.  All four array blocks contain the same 
sequences, allowing for redundancy and varying experimental parameters.  Solution 
based synthesis is achieved by using a capping mechanism mounted to the array, creating 
a 30 µL reaction chamber over each block.  This allows complete and independent 
control over synthesis conditions for each of the separate blocks.  Ag ions are introduced 
by adding 30 µL of a 35 µM solution of AgNO3 to the microchamber.  This solution is 
allowed to react with the microarray for 30 minutes to give adequate time for the binding 
of the ions with the scaffold.  The entire solution containing the Ag ions is then removed.  
The microchamber is then rinsed thoroughly with deionized water to remove any free 
ions not bound to the DNA on the microarray surface.  Mimicking the conditions for 
typical synthesis of Ag nanoclusters in solution, this is followed by addition of 30 µL of a 
35 µM solution of NABH4 to reduce the bound Ag ions.  After sitting for 30 minutes, the 
solutions is removed and thoroughly rinsed again.  The chamber is then filled with 
deionized water and left at room temperature for 2 hours at which point Ag nanoclusters 
have been formed within the microarray wells.  To insure long term stability the array is 
stored at 4º C. 
 Imaging of arrays is performed at multiple excitation wavelengths with a goal of 
identifying perspective oligonucleotides that specifically encapsulate an individual 
fluorescent Ag nanocluster species.  Monitoring the relative brightness of the emission 
across the entire array at a given excitation wavelength identifies the sequences that have 
the highest creation efficiency.  At the same time excitation specificity is determined by 
identifying these same bright wells that also give emission from only one excitation 
wavelength and are dark or give little emission from all other excitation wavelengths.  
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Bright emission and spectral purity are used as screening criteria for sequence selection.  
This process eliminates strands with low creation efficiency and those that form more 
than one type of fluorescent Ag nanocluster.  Using a high collection efficiency 
macroscope (MVX10 Olympus) with a 2x objective (na .5), arrays are mounted on a 
joystick controlled stage (Applied Scientific Inst MS-2000).  Each block is then 
separately illuminated and imaged.  Mercury lamp excitation is filtered for appropriate 
wavelength using a 25 mm bandpass filter accompanied by a corresponding dichroic 
mirror.  The resulting emission is directed back through the dichroic mirror and an 
additional band pass filter, which is red shifted from the excitation wavelength.  The 
fluorescence is then projected onto a CCD camera (Andor IXON).  Separate images of 
each block are recorded for each of the various excitation wavelengths and then stored for 
comparison.  Images are analyzed using Combimatrix MicroArray Imager 5.9.3 software, 
which extracts data for each spot by overlaying a grid on the image and compiling the 
brightness for each well.  After analysis, the 5-10 strands that show the most promising 
combination of brightness and spectral purity for each excitation wavelength are then 
scaled up to higher volume synthesis.  Strands for each excitation wavelength correspond 
to separate Ag nanocluster species. 
 While array studies nicely produce potential sequences, they lack well defined 
reactant ratios as the exact concentration of the oligonucleotides are unknown.  In order 
to determine the optimum conditions for Ag nanocluster, oligonucleotides were 
synthesized with varying ratios of AgNO3 and NaBH4.  Plate reader analysis allows for 
the simultaneous optimization of several synthetic parameters.  This was particularly 
useful in the determination of the ratios of the various reactants. Utilizing a 384 well plate 
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with 100 uL wells, solutions, of each strand identified from the arrays, were tested by 
varying the ratio of the Ag:BH4 and Ag:DNA.   Each well contained 80 μL of 50 µM 
DNA and the ratio of Ag to DNA was varied from 1:1 to 8:1 for successive wells.  For 
each of these ratios 5 separate wells were prepared using different BH4 ratios while 
maintaining all other parameters.  The Ag to BH4  ratios were set at 1:1, 2:1, 3:1, 4:1, and 
1:2.  The reactants were mixed in the same sequence and timing as described for typical 
synthesis.  The plates were scanned at multiple wavelengths, using a Spectramax M2 well 
plate reader.  The resulting fluorescence was then compared across all wells to first 
determine if the scaffold still exclusively formed the cluster of interest and then to 
determine the ratios that resulted in the brightest emission.  Once the optimum conditions 
had been determined, synthesis was scaled up to higher volumes, allowing for 
photophysical characterization. 
 
2.3 Ensemble Photophysical Characterization 
Ensemble fluorescence and absorption measurements were necessary to characterize 
extinction coefficients and quantum yields.  Fluorescence measurements were performed 
with a Photon Technology International (PTI) Quanta Master 40 which is equipped with 
a xenon arc lamp as an excitation source and a photomultiplier tube sensitive to 900 nm 
as a detector.  Concurrent absorption measurements were taken with a Shimadzu UV-
2401 PC spectrophotometer.  In all cases data was collected from samples in either a 
glass or quartz cuvette.  Additional measurements to determine fluorescent lifetimes were 
performed with an Edinburgh Instruments Lifespec-ps system equipped with a 
Hamamatsu multi-channel photomultiplier tube detector.  The excitation sources for 
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lifetime measurements were Picoquant laser diode heads, of varying wavelengths, 
controlled by either a PDL 800-B or Sepia II laser driver system from Picoquant. 
 
2.4 Fluorescence Microscopy 
All fluorescence based microscopy experiments were performed on Olympus IX-
70 or IX-71 inverted microscopes.  Excitation sources, both lasers and mercury lamps, 
were coupled through the back microscope port.  Excitation light was directed toward the 
sample using a dichroic mirror that was selected to have near complete reflectance of the 
excitation light. Solution based samples utilized a water immersion objective (60x, na 
1.20), while an oil immersion objective (60x, na 1.45) was used for surface based 
samples.  In both cases the objective was used to focus the excitation light onto the 
sample.  Emission from the sample was collected with the same objective and typically 
directed to either a trinocular or the side port of the microscope.  Typical samples, both 
solution and surface based, were prepared on 22.5 mm x 22.5 mm glass coverslips 
(Fisher) with a thickness of .15 mm.  Prior to use coverslips were cleaned via a three step 
process.  Initially, coverslips were immersed in .05 M NaOH for 1 hour while sonicating.  
After thorough rinsing with deionized water, the coverslips were then sonicated in water 
for an additional hour. This was followed by an additional hour of sonication in acetone 
after which the coverslips were dried under vacuum. 
 
2.5 Time Correlated Single Photon Counting 
Time Correlated Single Photon Counting (TCSPC) involves recording the timing 
of individual photons with high resolution, which is the basis for most time based 
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techniques including many single molecule methods.  This is typically accomplished by 
the detection of photons, with a detector capable of fast time response, usually with either 
an avalanche photodiode or photo multiplier tube.  Upon incidence of the photon on the 
detector, an electronic signal is generated and sent to a photon counting module (Becker 
Hickl SP630 or Time Harp) which uses an external sync source as a mechanism to time 
stamp individual photons.138  Working in “reverse start/stop mode” where the start signal 
is initiated by the incident photon and the stop signal is from the next sync pulse a 
histogram can be built up of the timing between the sync and the photon (microtime) with 
resolution on a ps time scale.  Simultaneously, the photon timing from the beginning of 
the experimental data set is recorded giving rise to a time trace where each photon is 
stamped with the total elapsed experimental time (macrotime).  The timing resolution is 
not based on the detector pulse width but rather tied to the electronics of the detector and 
the photon counting module, resulting in much more reliable and better resolved 
experimental timing.  
 
2.6 Fluorescence Correlation Spectroscopy 
Fluorescence Correlation Spectroscopy (FCS) is a solution based microscopy technique 
that can be used to determine several physical characteristics of both individual 
fluorophores and labeled macromolecules such as diffusion constants, fluorophore 
brightness, blinking dynamics, and hydrodynamic radii.  Using a typical microscopy set 
up as described above, a continuous wave laser is used as an excitation source by tightly 
focusing the laser several microns into solution such that a small fixed focal volume is 
established.80,139,140  A diagram of a typical set up for FCS is illustrated in figure 2.1. 
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Using an extremely dilute solution (pM-nM) allows for the restriction of 1 to a few 
molecules occupying the focal volume at one time.  Molecules are continuously diffusing 
in and out of the laser focus resulting in fluctuations in the measured fluorescence that are 
tied to the time for the molecules to transit through the three dimensional focal volume.  
The fluorescence is detected by directing the emission from the sample through an filter 
to block the laser light and then through a pinhole to reject out of focus emission and is 
detected with an avalanche photodiode.  The resulting time versus fluorescence intensity 
data trace is then processed via autocorrelation allowing the determination of both 
diffusion times and faster time scale blinking dynamics.  Similar to FCS, correlation 
analysis performed on immobilized molecules was done in near identical experimental 
setup except the laser was focused onto the polymer-immobilized fluorophores rather 
than into solution.  In the absence of diffusion, fluctuations in the intensity result strictly 
from fluorescence intermittency. 
 
2.7 Surface Bound Molecules 
Photophysical characterization of immobilized molecules requires them to be fixed under 
steady illumination rather than transiently entering and exiting the focal volume as in 
FCS.  In vitro measurements in aqueous conditions were achieved by immobilizing 
individual species of Ag nanoclusters to the surface of a coverslip via Avidin-Biotin 
chemistry.  Cleaned coverslips were immersed in a mixture of [3-(2- 
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resulted in the functionalization of the surface with primary amines.  A biotinylated 
polyethylene glycol (PEG) NHS ester (Pierce) which is highly amine reactive was then 
attached to the surface leaving exposed biotin.  This was accomplished by sandwiching 2 
amine functionalized coverslips around 40 µL of the biotinylated PEG-NHS ester ( ~50 
µM) and allowed to react for 15 min before being rinsed thoroughly with deionized 
water.  Avidin (50 µM Pierce) was then added to the coverslip with the same sandwich 
technique described for biotin.  This was allowed to react for 10 min before rinsing 
several times.  The now Avidin-modified coverslip was used to immobilize Ag 
nanoclusters encapsulated in biotinylated DNA scaffolds.  After synthesis, 50 µL of the 
fluorescent species of interest was added to the coverslip using the sandwich technique in 
order to bind the molecules to the surface.  Subsequent imaging and data collection of the 
sample was done under solution by adding 50 µL of water or buffer to the top of 
coverslip when mounted on the microscope. 
 
2.8 Optical Enhancement of Ag nanolcusters 
Dual laser excitation was used to optically depopulate dark states of both Ag nanoclusters 
and organic dye systems.  Measurements required the spatial overlap of multiple laser 
beams for continuous wave excitation and temporal as well as spatial overlap in the case 
of pulsed excitation.  Using a microscopy set up as described previously, primary laser 
excitation light was routed to the back of the microscope and through a dichroic mirror 
sitting just at the exterior of the scope.  Simultaneously, a secondary laser, at lower 
energy than the emission of the fluorophore, was routed such that it reflected off the 
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sources.  A schematic of the experimental setup is detailed in Figure 2.2.  In all cases the 
combining dichroic used was designed to pass the shorter wavelength laser while 
reflecting the longer wavelength secondary laser.  A bandpass dichroic was used in the 
microscope reflecting both excitation wavelengths while transmitting flurophore 
emission.  A variety of laser wavelengths were used as primary and secondary excitation 
sources including helium neon single line lasers (Spectra Physics and JDS Uniphase), 
tunable Argon/Krypton air-cooled lasers (Melles-Griot), and tunable Ti-sapphire 
(Coherent).  The collection of the emission with one or two laser excitation was then 
done with either a CCD or a single photon counting detector (APD, Perkin-Elmer; PMT, 
Hamamatzu). 
 
2.9 Single Molecule Identification 
Characterization of single molecule photophysics requires high sensitivity detection, 
where single molecule signals can be distinguished from bulk fluorescence.  Several 
techniques have been developed to identify single molecule behavior- dipole emission 
patterns, single step photobleaching, blinking behavior, and photon antibunching.  
Perhaps the most direct means of verifying single molecule emission is single step 
photobleaching.  Single molecules exhibit an emission rate that fluctuates slightly, well 
above the background, until photobleaching causes the signal drops to drop to the 
background level without any intermediate steps.  As multiple molecules are unlikely to 
transition into a permanent dark state simultaneously, single step bleaching is a strong 
indication of single molecule behavior.  Experimentally this is readily achieved in a 
typical confocal microscopy set up using single photon counting techniques.   
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An alternative verification process of single molecule behavior relies on CCD 
imaging.  As fluorescence is dipolar in nature, images of the resulting emission exhibit a 
specific pattern depending on the orientation of the molecule.141-143  Dipole emission 
patterns are imaged by slightly defocusing an in focus molecule and acquiring an image 
with a CCD with a high numerical aperture (1.40) 100x objective and an additional 1.5x 
magnification.  While this is indicative of single molecule behavior, imaging emission 
patterns can be technically challenging, as they require ideal imaging conditions.  Single 
molecule behavior can also be established through photon antibunching.144  Once 
promoted to an excited state, a molecule remains there until it either emits a photon or 
relaxes through a radiationless pathway.  Thus, a single molecule can only emit one 
photon at a time and must go through an additional absorption and emission cycle to emit 
a subsequent photon.  The probability of detecting two photons simultaneously is than 
near zero.  With sufficient timing resolution, such that photons are tagged faster than the 
intrinsic lifetime of the excited state, this process can readily be observed.  The emission 
signal from a single molecule is split into two separate signals via a beam-splitter and 
directed to different detectors.  Cross correlation of the two signals will show 
anticorrelated behavior at zero time delay.  Ideally the correlation goes to zero indicating 
that no photons arrived simultaneously at the separate detectors.  
 
2.10 Modulation Experiments 
The ability to impose an externally generated waveform onto the fluorescent signal is the 
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sensitivity.  Using a typical confocal microscopy configuration samples are exposed to 
both a primary and a modulated secondary laser (Figure 2.3). Synchronously applied 
secondary laser excitation leads to modulated fluorophore brightening via a shortening of 
the off time.  The primary laser is directed into the back port of the microscope after 
passing through a combining dichroic mirror.  The secondary laser, at lower energy then 
the fluorophore emission is directed in an alternate path and is reflected off the same 
dichroic mirror.  A variable mechanical chopper with a maximum frequency of 4000 Hz 
was placed in the secondary laser excitation path in order modulate the secondary laser 
exposure.  The waveform of the modulated laser is directly imprinted onto the fluorescent 
signal via dynamic photobrightening in phase with the modulated laser.  Frame rates 
using CCD detection were set at 10 times the frequency of modulation.  For all species of 
Ag nanoclusters and organic fluorophores all secondary excitation wavelengths were > 
750 nm (either Ti-sapphire Coherent or KMlabs). A time trace for each pixel was then 
constructed from the resulting image series.  The amplitude at the modulation frequency 
from the Fourier transform of each time trace was then plotted to reconstruct a 
demodulated image. 
 A very similar set up as indicated in figure 2.3 was utilized for enhancement of 
FRET based systems.  Pulsed donor and acceptor excitation requires spatial and temporal 
laser alignment (Figure 2.4).  In order to control the timing of the pulses, a secondary 
laser (typically Ti-sapphire) was used to trigger the primary laser.  The secondary laser is 
routed through a pulse picker (Con Optics) which is used to reduce the repetition rate to 
match the capacity (<40 MHz) of other available pulsed laser sources.  The sync signal 
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Instruments) with up to 8 MHz capability.  The output from this unit triggered the 
primary laser diode controller (Picoquant Sepia II).  The different path lengths and 
electronic triggering mechanisms result in the respective laser pulses having a large The 
DG645 delay generator has picosecond resolution which can be used to shift the diode 
laser signal (100 ps pulse width) to overlap with the Ti-sapphire secondary pulse (~200 

























While silver nanoclusters have long been known to exhibit bright fluorescence in rare gas 
matrices94,95,145 and solid substrates,146-148 initial attempts to harness their fluorescent 
properties did so in rigid environments not suitable for biological imaging.  The recent 
use of oligonucleotides as an alternative scaffold107,108,125,149 stemmed from a push to 
create these fluorophores in a biocompatible and functional form.  Naturally part of the 
genetic process, DNA is inherently biocompatible and has been shown to effectively bind 
Ag ions.122,124  Giving rise to a versatile templating effect, ssDNA and dsDNA have been 
used as scaffolds for a variety of metal based structures.114,117,150,151  Initial studies of 
oligonucleotide encapsulated fluorescent Ag nanoclusters, however, focused primarily on 
poly-cytosine scaffolds108 with the resulting fluorescent species exhibiting bright 
emission, relatively high quantum yields (~30%), and large extinction coefficients 
(>250,000 M-1 cm-1).83  Figure 3.1 shows the typical fluorescence for Ag nanoclusters 
encapsulated in 8-mer poly-cytosine where several species are formed with emission 
across the visible and into the near infrared.  The resulting heterogeneity, with several 
similarly emitting species formed simultendously, makes photophysical characterization 
difficult as the spectral overlap interferes with clean absorption and fluorescence signals.  









































would not be specific for a single fluorescent species, resulting in low yields of target 
nanocluster attachment. 
A variety of methods have been used in an attempt to improve spectral purity 
including varying scaffold size, solution ionic strength, and trial and error base 
replacement by randomly interchanging adenine; guanine; or thymine for cytosine.  
While all of these methods resulted in a modification of spectral properties, few yielded 
spectrally pure solutions.  For example, 12-mer poly-cytosine scaffolds were found to 
transiently form a single near infrared emitting species upon dissolution in phosphate 
buffered saline (PBS).83  Unfortunately, under these conditions this species survived for 
only a short time (<24 hrs).  More recent studies have focused on the use of hairpin 
forming oligonucleotides for Ag nanocluster synthesis but still with a trial and error 
approach to base sequence.110,152  Oligonucleotide sequences are naturally programmable, 
simply through interchanging the 4 natural bases and varying the strand length.  If fact, 
even a relatively short 12-mer oligonucleotide leads to 412 possible sequence 
combinations.  Clearly a high throughput method of screening DNA sequences is 
necessary for identification of optimum scaffold sequences.   
 
3.2 Scaffold Screening with DNA Microarrays 
Combimatrix microarrays consist of 2240 sequences that are synthesized by attachment 
of the 3' end of oligonucleotide to the array surface in separate 40 micron wells.  All the 
sequences on an individual array can be investigated simultaneously to facilitate high 
throughput screening applications.  Building on previous studies that showed the 
importance of cytosine in nanocluster formation, initial 12-mer arrays were programmed 
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such that the first 3 bases on the 5' end and the last 4 bases on the 3' were restricted to 
cytosine.  The remaining 5 bases in the center of the oligonucleotide were composed of 
various combinations of adenine, thymine and cytosine.  Guanine was excluded from 
initial studies due to its propensity to form quadruplex structures153 which could interfere 
with the formation of the Ag nanocluster-DNA structure.  While ideally scaffold length is 
minimized to reduce the overall fluorophore size, Combimatrix array synthesis is 
optimized for 24-mer and longer strands.  To improve array quality, a 12-mer thymine 
spacer was incorporated on the 3' end.  The resulting target DNA sequences were then of 
the form 5'-CCCXXXXXCCCC-3', yet on the array were attached as (5'-CCC 
XXXXXCCCCTTTTTTTTTTTT-3') due to the additional spacer.   
As the reaction vessel is only 30 μL and the oligonucleotides concentration on the 
array are not precisely known, the ratios of reactants is difficult to control, so various 
concentrations of AgNO3 and NaBH4 were used for initial experiments.  Previous studies 
on poly-cytosine strands showed that incorrect reactant ratios reduced or completely 
eliminated the formation of the fluorescence species.  This was also observed on the 
microarray where AgNO3 concentrations of more than 100 μM resulted in almost no 
fluorescence, while concentrations of ~30 μM of AgNO3 and ~30 μM of NaBH4 yielded 
the brightest fluorescence and the best coverage across the array.  Using an Olympus 
MVX-10 macroscope, arrays were excited with a mercury lamp and simultaneously 
imaged with a CCD (Andor Ixon).  Filtering for blue (~480 nm), green (~540 nm) and 
red (~633 nm) excitation, each strand was analyzed to determine brightness and 
nanocluster spectral purity.  
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Figure 3.2 shows the image of an array with 633 nm excitation and 700 nm +/- 40 
nm detected emission.  Several spots exhibit significantly brighter emission than the 
average spots, indicating the formation of a species that excites in the red and emits in the 
near infrared.  Analysis under multiple wavelengths showed that the majority of the 
bright spots were selectively excited by 633 nm light, exhibiting little to no fluorescence 
under other excitation wavelengths.  Similar results were obtained for both green and 
blue excitation.  However, a larger number of sequences (>50) exhibited bright 
fluorescence under both blue and green excitation, but fewer of these brighter species 
exhibited spectral purity, indicating the formation of multiple fluorescent species.  
Selecting the ten brightest spectrally-pure sequences for each excitation 
wavelength, additional studies were performed to optimize cluster formation in solution.  
Typical syntheses for poly-cytosine encapsulated Ag nanoclusters used equal ratios of 
Ag+ and BH4- at molar ratios of 6:1 to the oligonucleotide scaffold.  The synthetic 
conditions of the microarray, however, are not well defined.  Ag+ and Bh4 interactions 
with the surface bound oligonucleotides are not precisely known, therefor the ratio of 
reactants needs to be determined.  Enabling high-throughput analysis, 100 µL well plates 
were used to determine the appropriate ratios of reactants and the optimum experimental 
conditions for cluster synthesis.  As detailed in the experimental section, forty separate 
conditions with varying concentrations of Ag+ and BH4 were compared for each of the 
species identified from the array.  Measuring the resulting fluorescence for the solutions 
yielded the optimum synthetic conditions for each Ag nanocluster species.  As expected 
several wells exhibited little to no fluorescence. This was particularly evident for the 




Figure 3.2.  Emission from a DNA microarray excited with 633 nm light detected near 
700 nm that shows several emissive sequences but 3 that are clearly much brighter than 
the average including the inset showing a zoomed in image of the spot labeled 2 which 















While optimization was successful for some strands, the majority of the sequences 
exhibited either very low emission or the creation of multiple fluorescent species.  Of the 
sequences identified by the array, only ~20% showed similar excitation and emission in 
the plate reader studies compared to that predicted by the array.  The large thymine 
spacer and tethering of the sequence to the array surface likely affected the conformation 
of the oligonucleotide, leading to disparate results in solution.  Interestingly, these 
restrictions appear to affect some of the strands more than others.  
 Microarrays have not been successful, however, in optimizing conditions for all 
Ag nanocluster species.  Poly-cytosine scaffolds, particularly 8-mer strands, show an 
additional fluorescent species with emission near 800 nm (Figure 3.1).  Using 12-mer 
sequences, microarrays exhibited little to no production of this species.  As the shorter 8-
mer poly-cytosine strands most efficiently create this species, 8-mer microarrays were 
used for additional studies.  Synthesis methods were identical to those described for the 
12-mer arrays.  Unfortunately, these arrays exhibited very little emission under 735 nm 
excitation.  One strand (5'-CCCCAAAC-3') on the array exhibited reasonable spectral 
purity, though weak emission.  When scaled up for solution based synthesis, this strand 
yielded multiple fluorescent species where the 800 nm emission was just a minor 
component.  Array conditions likely require optimization for this species, potentially 
through modification of the thymine spacer and varied strand lengths, in order to identify 
an appropriate scaffold. 
Figure 3.3 shows the spectra of four species derived from the array studies- the 
600 nm emitter (Ag-600) results specifically from encapsulation in 5'-




Figure 3.3.  Spectrally pure emission is generated from various scaffolds resulting in 
several emissive species Ag-600 (A), Ag-620 (B), Ag-660 (C), and Ag-680 (D) where no 
other fluorescent species is present with the particular scaffold. E. Shows the emission 






















































































Table 3.1.  Shows the details on the synthesis of 4 species of Ag nanocluster identified 
from the microarrays including the strand sequence and the ratios of Ag and BH4 for 
















Species Ex/Em (nm) Sequence Ag:BH4:DNA 
Ag-600 540/600 CCACCAACCACC 6:3:1 
Ag-620 540/620 CCTCCTTCCTCC 6:6:1 
Ag-660 594/660 CCCATATTCCCC 5:5:1 
Ag-680 620/680 CCCTATAACCCC 6:6:1 
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CCTCCTTCCTCC-3', the 660 nm emitter (Ag-660) encapsulated in 5'- 
CCCATATTCCCC-3' and the 680 nm emitter (Ag-680) encapsulated in 5'-
CCCTATAACCCC-3'.  Illustrating their brightness and spectral purity, images of several 
fluorescent Ag nanoclusters are shown separately in Figure 3.3E.  While some of the 
sequences are quite similar, they each preferentially encapsulate completely different Ag 
nanocluster species.  All scaffolds were optimized at ratios of Ag:DNA of 5-7:1 and BH4 
ratios ranging from 3:1 to 6:1 as specifically detailed in table 3.1.  For example Ag-660 
requires a specific ratio of 6:6:1 (Ag:BH4:DNA strand) in order to maximize the 
fluorescent component.  Deviation from these values, whether in the form of too much or 
too little Ag or BH4, results in a significant reduction in the yield and spectral purity of 
the fluorescent species.  While precise synthesis was required to obtain spectrally purity, 
optimization of these conditions shows that an oligonucleotide template can be readily 
programmed for multiple emissive species. 
 
3.3 RNA Scaffolds 
Ribonucleic Acid (RNA) differs from deoxyribonucleic acid (DNA) by the presence of a 
2’ OH group and the replacement of thymine with uracil, which has a moderately 
different structure. Poly-cytosine RNA scaffolds were studied to determine if the slight 
backbone modification affected nanocluster formation.  Under the same synthesis 
conditions as DNA scaffolds, 12-mer poly-cytosine RNA was found to selectively 
encapsulate a 650 nm emitting nanocluster.  While the red emitting species was normally 
dominant in poly-cytosine DNA, there was typically several other species present that are 
not there with the RNA scaffold.  Other differences were seen as well.  Poly-cytosine 
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DNA encapsulated species are stable in solution for several days, but the RNA 
encapsulated species was found to be stable for several months while refrigerated at 4° C.  
As RNA is typically much more sensitive to the environment and degrades very easily, 
these results were somewhat unexpected and suggest that the presence of the nanocluster 
helps to protect the RNA structure.  Clearly the change in the structure of the sugar 
backbone of the RNA from that of the DNA results in a completely different templating 
behavior.  Ancillary to the DNA work, RNA studies suggest modification of the 
backbone may in fact offer an additional method to program oligonucleotides for Ag 
nanocluster encapsulation.  This also has implications in other areas.  A major challenge 
not addressed in this work is cellular uptake of DNA, which is challenging due to the 
negatively charged backbone.  Future scaffolds should include noncharged backbone 
structures such as methylphosphonates, peptide nucleic acid, and morpholino 
oligonucleotides.154  RNA studies suggest that synthesis of backbone modified 
oligonucleotides should be feasible with optimization of synthetic conditions.   
 
3.4 Ensemble Photophysical Characterization 
Photophysical comparisons of these newly identified Ag nanoclusters were performed 
against both poly-cytosine Ag nanoclusters and commonly used water soluble organic 
dyes.  Initial studies concentrated on characterizing nanocluster brightness relative to 
commonly used fluorophores.  Fluorescence quantum yields were determined via a 
comparison to known standard dyes with similar excitation and emission maxima for 
each of the nanocluster species.  Data was collected for both absorbance and fluorescence 
under the same experimental conditions and equation 3.1  
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                             Equation 3.1 
was used to calculate the quantum yield, where I, A, and η represent the integrated 
fluorescence intensity, absorbance at the excitation wavelength, and the index of 
refraction of the solution, respectively.  Comparisons between nanoclusters (subscript 
Ag) and standards (subscript S) were performed at various concentrations to insure 
accurate quantum yield calculations.  Ag-620 was compared to the cyanine dye Cy3, Ag-
660 was compared to Texas Red, and Ag-680 was compared to Cy5.  Similar to organic 
fluorophores such as the cyanine dyes.47,155 quantum yields ranged from 20 to 40% 
(Table 3.2). 
Fluorescence correlation spectroscopy (FCS) was used to determine Ag 
nanocluster extinction coefficients.  FCS is used to measure fluorescence intensity 
fluctuations which can then be correlated allowing the extraction of information about the 
source of the fluctuations.  The most common sources of emission fluctuations are 
diffusion of molecules through the focal volume and blinking dynamics.  A decay in the 
autocorrelation occurs at a time corresponding to the fluctuation events.  The 
autocorrelation, G(t), of an intensity based time function, F(t) , is represented by equation 
3.2139 
 
                            G τ  F                       3.2                  
where δF(t) = F(t)-<F(t)>  is the deviation from the temporal average of the signal.  








1   
                   3.3 
where n is the average number of molecules in the focal volume, τD is the measured 
diffusion time, ω0 is the waist size defined by the boundary where the Gaussian excitation 
profile decays to 1/e2 in the x and y directions, and ωz is the excitation decay in the z 
direction.  At τ = 0 the autocorrelation becomes G(t)= 1/n, thus the amplitude of the 
autocorrelation at zero lag time is the inverse of the number of molecules.   
Focal volumes in FCS were determined by serial dilution of the same standard 
dyes used for the quantum yield measurements.  By adjusting the number of molecules in 
the focal volume to ~1 to 2 molecules, the effective volume can then be calculated from 
the known diluted concentration and the average number of molecules in the solution.  
The Ag nanocluster solution is similarly diluted so that ~1 to 2 molecules reside in the 
FCS focal volume on average.  In all cases, both the dyes and the nanoclusters exhibited a 
linear response in the measured number of molecules for each dilution.  The 
concentration of the FCS solution is calculated from the number of molecules and the 
previously determined focal volume, and the original Ag nanocluster concentration is 
given by factoring in the dilution.  The measured Ag nanocluster absorbance, A, is used 
to calculate the extinction coefficient, ε, with Beer’s law (A=εlc) where l is the path 
length, and c is the concentration.  Figure 3.4A shows an autocorrelation of Ag-680 with 
the fit indicating approximately 1 molecule on average in the focus and a diffusion time 
of ~ .9 ms, while 3.4B shows the autocorrelation for the standard, cy5.  The values 
derived for Ag-620, Ag-660, and Ag-680 were 120,000 L/mol·cm, 350,000 L/mol·cm, 




Figure 3.4.  Autocorrelation from an FCS time trace under 633 nm excitation (6 
kW/cm2).  A. Autocorrelation fit showing approximately 1 molecule in the focal volume 
with a diffusion time of .9 ms.  B.  Fitted autocorrelation of cy5 used as a standard 
showing approximately 1 molecule in the focal volume with a diffusion time of 










































Table 3.2.  Showing photophysical properties including excitation and emission maxima, 
fluorescence lifetimes, quantum yields, and extinction coefficients for species identified 





















Species Exc/Em(nm) Lifetime Φ (%) ε(M-1·cm-1) 
Ag-600 545/600 2.0 ns 29 
 
Ag-620 540/620 2.2 ns 32 120,000 
Ag-660 595/660 3.0 ns 18 350,000 
Ag-680 620/680 3.0 ns 37 125,000 
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parameters, in table 3.2.  Based on these values and the starting concentration of scaffold, 
typical synthetic yields of Ag nanoclusters are ~1%. 
Fluorescence lifetimes were also measured for each species.  Using pulsed 
excitation, 532 nm for Ag-620 and Ag-680, 647 nm for Ag-680, time correlated 
fluorescence was collected with a multi-channel photo multiplier tube.  The resulting 
histograms of the interval between the sync pulse and the photon arrival time were fit to 
determine the lifetime.  Similar to the poly-cytosine encapsulated Ag nanoclusters, all of 
the species demonstrated lifetimes in the range of a few nanoseconds (table 3.2).  
Nanosecond lifetimes in previously studied poly-cytosine have been predictive of 
relatively bright and photostable single molecule emission.   
 
3.5 Nanocluster Size Determination 
Commonly used fluorescent labels vary in size from relatively small organic dyes (mw ~ 
500-1000) to extremely large fully functionalized quantum dots (30 nm).  Probe size is a 
major concern in biological imaging, as large molecules suffer from poor cellular uptake 
and can alter cellular dynamics.  As a consequence, probe size must be kept to a 
minimum.  While oligonucleotide size can be estimated from strand length, the scaffold 
likely experiences a conformational change during encapsulation.  In fact, silver ions 
cause a significant change in the conformation of large DNA chains and addition of BH4 
leads to further contraction of the scaffold.156  Ag nanocluster formation likely produces a 
similar effect given the efficiency of the scaffold. 
To determine the approximate size of the Ag nanocluster-scaffold complex, we 
performed fluorescence correlation spectroscopy studies comparing the clusters to a  
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Figure 3.5.  Autocorrelation from fluorescence correlation spectroscopy comparison of 
Cy 5 (A) to Ag-710 (B) where the correlation shows .6 molecules of Cy5 with a diffusion 














































fluorescent dye with a known diffusion constant in aqueous solutions.  Cy5 is an 
adequate control for comparison with Ag-710, due to their similar emission wavelengths 
and bulk photophysical properties.  Diffusion times of various concentrations of cy5 were 
measured by focusing a laser 30 microns into solution and collecting the resulting 
fluorescence.  The cy5 autocorrelation, excited with a 633 nm cw laser (10 µW), shows .6 
molecules on average in the focal volume with a diffusion time (τD) of .30 ms (Figure 
4.1A).  Using the same excitation intensity a solution of Ag-710 was diluted until FCS 
measurements showed ~1 molecule in the focal volume.  Figure 4.1B shows the resulting 
autocorrelation of the Ag-710 solution with an average number of molecules of .8 and a 
diffusion time of 1.11 ms.  The focal volume can be calibrated using the known diffusion 
constant (D) for cy5 (3.16 x 10-10 m2/s) which is then used to calculate the diffusion 
constant for Ag-710.   
Based on the FCS equations previously discussed the 3-dimensional Gaussian 
distributed excitation profile gives the transit time through the focal volume. 
 
                                                 Equation 4.2 
 
where τD is the measured diffusion time, ω0 is the waist size defined by the boundary 
where the Gaussian excitation profile decays to 1/e2 in the x and y directions, and D is the 
diffusion constant.  Using the FCS comparison the diffusion constant of Ag-710 was 
calculated at 8.65 x 10-11 m2/s.  The calculated diffusion constant relates to the 
hydrodynamic radius via the Einstein-Stokes equation (4.3)157 
                                              Equation 4.3 
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where η = viscosity, T = temperature, kB = Boltzman constant, and Rh= hydrodynamic 
radius.  Solving for the radius and substituting in for the diffusion constant gives a 
hydrodynamic radius of 2.76 nm for the Ag nanocluster.  While slightly larger than 
typical organic dyes, Ag nanoclusters are at least an order of magnitude smaller than 
quantum dots.4,158  Even at these relatively small sizes, concern about the perturbation of 
biological systems is still relevant.  While smaller oligonucleotide scaffolds (6-8 bases) 
nicely form fluorescent Ag nanoclusters, they have up to this point not been optimized to 
target specific fluorescent species.  Reducing the overall size of the fluorescent label 
through smaller scaffolds should be feasible with optimization similar to that 
demonstrated for 12-mer DNA.   
 
3.6 Evaluation of Scaffold Specificity 
The microarray studies clearly show that variation of the base sequence alters Ag 
nanocluster formation.  Additionally, the 20% success rate, for transitioning from the 
array to solution, suggests that end effects may cause changes in the formation efficiency.  
Oligonucleotide functionalization for attachment chemistry is vital to the use of Ag 
nanoclusters as biological probes.  One common linker system is avidin-biotin which is 
widely used in biolabeling.159,160  IDT provides oligonucleotides with biotin attached to 
either the 5', 3' or internally.  Using these scaffolds, studies were performed to determine 
the effect of biotin conjugation on Ag nanocluster formation, both at the 3' and the 5' 
ends. 
Attempting to duplicate the fluorescence from non-biotinylated scaffolds, 
solutions were initially synthesized with the same procedure in non buffered aqueous 
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solutions.  In these solutions, none of the biotinylated scaffolds demonstrated the same 
spectral purity previously shown for the naked DNA strand.  For example, the normal 
Ag-660 sequence lost almost all ability to form the 660 nm emissive species, forming 
instead a species with emission at 500 nm (Figure 3.5A).  The simple addition of the 
small biotin unit to the DNA completely modified the encapsulation properties of each of 
the strands, suggesting that end effects influence the conformation of the scaffold.  
Exploring the possibility that a constant pH may help stabilize the conformation of the 
scaffold, various buffered solutions were used for synthesis of the biotinylated sequences.  
The same modified scaffolds in a pH 7 phosphate buffer now showed improved 
encapsulation properties. Figure 3.5 B shows the fluorescence spectra of the 5' 
biotinylated Ag-660 oligonucleotide (5'-CCCATATTCCCC-3').  The 660 nm emission is 
now partially recovered, but several other fluorescent species are also present.  Testing 
the same scaffold at various other pH values (5-9) resulted in no improvement.  These 
results suggest that Ag-660 formation is incompatible with 5' modification. 
Derived initially from microarrays with 3' bound oligonucleotides, 3' modified 
scaffolds were investigated under similar experimental conditions.  Unbuffered solutions 
showed significant improvement over the 5' modified scaffolds.  While not completely 
spectrally pure, Ag-660 is the primary emissive species with only one other prominent 
species at higher energy emission (Figure 3.5C).  Repeating the synthesis in buffered 
solution (pH 7 phosphate) (Figure 3.5 D) resulted in spectral purity on par with that 
typically seen for non-biotinylated scaffolds.  Further studies at both pH 5 and pH 9 




Figure 3.6.  A.  The 5' biotinylated scaffold for Ag-660 in an unbuffered solution 
showing the lack of formation of the target species.   B.  The 5' biotinylated scaffold for 
Ag-660 in a buffered solution (pH 7) showing multiple species including the target 
species.  C. The 3' biotinylated scaffold for Ag-660 in an unbuffered solution with a 
predominate 660 nm peak but containing an additional species.  D.  The 3' biotinylated 
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conjugation is both end and pH dependent, allowing for the optimization of fully 
functionalized Ag nanocluster scaffolds. 
Similar experiments on the remaining fluorescent species were completed with 
varying degrees of success. Biotinylation of Ag-620 resulting in almost no fluorescence 
for either end of the oligonucleotide regardless of experimental conditions.  In deionized 
water, 5’ biotinylation of Ag-600 led to the formation of a completely new species with 
higher energy emission (Figure 3.6A).  Interestingly, at ph 7 this completely symmetric 
sequence, 5'-CCACCAACCACC-3', showed remarkable spectral purity for 5' 
modification (Figure 3.6B), while 3' modification completely eliminated the target 
species.  Ag-680 showed the same dependence on buffered solutions (pH 7) but was 
readily formed with the same spectral purity as the naked strand with either 5' or 3' 
modification.  Ag-680 was the only sequence to demonstrate absolutely no dependence 
on the conjugation position.  Notwithstanding the Ag-680 results, end effects seem to 
play a major role in the formation of most target species. 
 While both strand sequence and scaffold modifications directly impact templating 
properties, Ag-660 and Ag-680 exhibited spectral purity under various conditions.  To 
test the specificity of these scaffolds, individual bases were systematically replaced at all 
12 strand positions one at a time.  Guanine was used to replace each position of the Ag-
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Figure 3.8.  A. Spectra of typical Ag-660 in unbuffered solution.  B. Spectra from a 
modified Ag-660 scaffold with the cytosine in the first position changed to a guanine 
showing almost complete elimination of all fluorescence.  C.  Spectra from a modified 
Ag-660 scaffold with the thymine in the 5th position changed to a guanine showing the 












































































Replacing the bases in the same systematic fashion for Ag-680, yields almost 
identical trends.  Changing the first 3 or last 3 positions resulted in the complete 
elimination of all fluorescent species; yet changing the interior bases merely changed the 
fluorescent species formed.  For both Ag-660 and Ag-680, buffered solutions had no 
affect on the formation of the fluorescence.  It is hard to draw conclusions from these 
studies on the role of the individual bases in the binding of the cluster or in the 
conformation of the sequence.  The results, however, clearly show the specificity of 
individual sequences for Ag nanocluster formation. 
 
3.7 Conclusion 
While poly-cytosine oligonucleotides readily encapsulated fluorescent Ag nanoclusters, 
these scaffolds lacked specificity, simultaneously forming multiple fluorescent species.  
Using microarray screening, scaffolds were identified that specifically encapsulated 
individual species of Ag nanocluster, resulting in spectrally pure solutions.  Several 
species were discovered and characterized.  Demonstrating high quantum yields, large 
extinction coefficients, and relatively short lifetimes, these new species exhibited bright 
emission.  These scaffolds are highly sensitive to sequence modifications and scaffold 
functionalization, where slight changes disrupt cluster formation.  Despite these issues, 
attachment chemistry was optimized for several spectrally pure species confirming their 












Complementary to bulk imaging, single molecule spectroscopy can be used to 
study specific kinetic events, revealing subcellular dynamics that are often masked by 
ensemble averaging.  Single molecule imaging in biology, however, is mainly restricted 
to in vitro studies due to a lack of sensitivity influenced by both insufficient probe 
brightness and high intracellular background.  Despite exhibiting bright emission at the 
bulk level, photophysical behavior under single molecule imaging conditions often 
results in reduced emission rates and poor photostability.161,162   This is particularly 
evident in single molecule blinking, caused by stochastic transitions into a dark state.  
The high excitation intensities (>1 kW/cm2) required for single molecule imaging, lead to 
more frequent dark state transitions and to faster photobleaching as compared to bulk 
imaging which typically uses lower intensities.   
While blinking is universally exhibited by fluorescent dyes,68-70 it originates from 
many different processes including triplet transitions, isomerization, and charge transfer.  
Dark state lifetimes in these states range from microseconds to several 
milliseconds.69,78,86,87,163  Regardless of its origin, dark state population reduces 
fluorophore brightness through premature saturation by limiting subsequent ground state 
absorption needed to regenerate the emissive state.  The amount of fluorescence 















    
 Equation 4.1 
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where τon is the time the molecule cycles between the ground and emissive state before 
transitioning to the dark state and τoff is the life time of the dark state.  Clearly, the 
average intensity is reduced by long dark state residence.  The process only marginally 
affects bulk imaging where the signal is generated by simultaneous emission from 
multiple fluroophores, but is readily evident in single molecule measurements. 
Single molecule spectroscopy can be used to explore the dynamics of individual 
biological activity such as transcription,7,164,165 protein interactions,166,167 and protein 
folding.168  Studies, however, are limited by experimental sensitivity partially due to 
reduced brightness as a result of this dampening effect.  Additionally residence time in 
these dark states is often directly correlated to photostability.69,79  Therefore, 
understanding blinking dynamics is instrumental in determining a probes utility as a 
single molecule fluorophore.  Poly-cytosine encapsulated Ag nanoclusters have 
previously demonstrated bright single molecule emission and limited dark state dynamics 
on the microsecond time scale.  Initial studies suggest, that these spectrally pure 
nanoclusters are likely to exhibit similarly high emission rates at the single molecule 
level. 
 
4.2 Blinking Dynamics of Immobilized Molecules 
The detrimental effect of blinking is multifold: depression of emission intensities, 
complication of measured biological kinetics, and a creation of a pathway to accelerate 
permanent photobleaching.  Blinking dynamics can be investigated at the ensemble level 
with the use of excited state transient absorption.  Such studies readily yield dark state 
lifetimes and details of excited state absorption but provide little information on how 
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these processes affect emission rates.  For multiple Ag nanocluster species, transient 
absorption revealed the presence of microsecond long dark states.126  Correlation analysis 
of immobilized molecules can be used to get a more thorough understanding of these 
dark states and how they relates to the apparently high emission rates.67  Similar to FCS, 
correlation analysis can be used to determine the time scale of intensity fluctuations from 
single molecule emission.  Here the molecule is held in the laser focus rather than 
diffusing through, as is the case with FCS.  The result is that intensity fluctuations can be 
monitored for long times until the molecule ultimately photobleaches.  Understanding 
these processes should help provide insight to how they affect emission rates and 
photostability. 
Poly(vinyl alcohol) (PVA) films were used to immobilize Ag nanoclusters by 
diluting stock solution of the red emitting species 1 to 10,000 in PVA.  The solution was 
then spin coated onto a coverslip rotating at 1000 revolutions per minute.  This results in 
an even film across the surface where individual molecules are fixed and well separated.  
Cyanine dyes exhibit similar bulk characteristics to several Ag nanocluster species, so are 
used for a comparison of both brightness and blinking dynamics.  Dye samples were 
immobilized in the same as described for nanoclusters.  Exciting separate samples of red 
emitting Ag nanoclusters and cy3 each with a 568 nm laser (1.3 kW/cm2), single 
molecule time traces were recorded.  Long time scale blinking dynamics can be observed 
simply by averaging the time trace intensity (binning) at time increments faster than the 





Figure 4.1.  PVA immobilized samples of Ag nanocluster and cy3 excited with 568 nm 
laser (1.3 kW/cm2) A. Time trace of the red emitting Ag nanocluster binned at 100 ms 
and (B) binned at 1 ms showing no fluorescence intermittency on this time scale.  C.  
Time trace of an individual molecule of cy3 binned at 100 ms and (D) binned at 1 ms 























































































given sufficient count rates.  Simple inspection of time traces of Ag nanocluster emission 
binned at 100 ms (fig 4.1A) and 1ms (4.1B) show no obvious blinking activity verifying 
intermittency occurs only at faster time scales.  Comparative cy3 data binned at 100 ms 
(fig 4.1C) appears to show some poorly resolved blinking.   This blinking becomes more 
evident with 1ms binning (4.1D).  Characterized by the intensity periodically falling to 
the background, cy3 blinking leads to diminished emission rates.  The spikes of 
fluorescence in between off states easily reach 10 counts/ms, corresponding to a count 
rate of 10,000 cnts per second while in the on state.  As a result of the blinking the 
average cy3 emission intensity is merely ~4000 counts per second.  On the other hand, 
Ag nanoclusters show average emission rates of 15,000 counts per second (figures 4.1A 
&B).  With similar ensemble photophysics, this factor of 4 difference in brightness stems 
directly from the contrasting blinking dynamics.    
Additionally, the cy3 molecule bleaches rapidly (~ 20 sec, Figure 4.1C) while the 
Ag nanocluster emits continuously for nearly 600 seconds before bleaching (Figure 
4.1A).  The presence of the dark state alone is not sufficient to suggest that it is 
associated with bleaching, but it is clear that cy3 blinks on a longer time scale and 
bleaches much more rapidly than Ag nanoclusters.  Clearly in terms of single molecule 
brightness, Ag nanoclusters hold distinct advantages over cy3. 
Using the same experimental conditions, ~100 single molecule time traces were 
collected.  Correlation analysis of these molecules was used to build up statistical 
information on Ag nanocluster blinking dynamics.  Individual molecules were 




Figure 4.2.  Autocorrelation of an individual red emitting Ag nanocluster immobilized in 
a polymer film excited at (A) 1 kW/cm2, (B) 5.2 kW/cm2, and (C) 10.4 kW/cm2 showing 
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kW/cm2.  Typical auto correlations taken for each segment of the resulting time traces are 
shown in figure 4.2.  Fitting the correlations to an exponential decay extracts the time 
characteristic of the blinking process.  Comparing the three different intensities reveals a 
clear trend.  As the excitation intensity is increased the decay time decreases going from 
11 µs to 3 µs down 1 µs at 1, 5.2 and 10 kW/cm2, respectively.    
The intensity dependence for the decay time of the fluorescence intermittency is 
expected based on dark state population photophysics.  The “on time” is directly related 
to the dark state quantum yield and the excitation rate into the emissive state, so higher 
intensities should lead to a shortening of the “on time”.  The faster the molecule cycles 
between the ground and excited states (higher excitation intensity), the larger the 
probability of depopulating the emissive state.  Conversely, the off time (residence time 
in the dark state) should have no sensitivity to the laser intensity as it would not be 
accessible by the same laser excitation.  Although some researchers have reported dyes 
with optically accessible dark states that excite at the same wavelength as the ground 
state absorption, they were only viable with MW/cm2 intensities.169   
Specific off (τoff) and on (τon) times can be extracted from the fitted correlation 
time (τc) by modeling the photophysical processes assuming a 3-level system. The 
relationships described in equations 4.2-4.5 can be used to derive values for the “on 
times”, “off times”, and the rate constant for the dark state transition (KD).  Here Φfl is 
the fluorescence quantum yield (0.32), Φeff is the detection efficiency (0.05), τfl is the 
fluorescence lifetime, and Ion is the intensity/bin while in the “on state”.   
C(t) = A+Be-t/τc                                            Equation 4.2 
1/τc = 1/τon + 1/τoff                                         Equation 4.3 
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τon/τoff = A/B                                                 Equation 4.4 
KD=ΦflΦeff/τflτonIon                                         Equation 4.5 
 
Extracted on and off times averaged for ~100 molecules are listed for each of the 
excitation intensities in table 4.1.  When excited at a relatively low intensity (1 kW/cm2), 
the corresponding on and off times were both approximately 30 microseconds.  As the 
intensity was increased, the expected decrease in the “on time” was evident, reducing to 
less than 3 µs at 10 kW/cm2.  As predicted, this nicely obeys the photophysical model.  
As we increase the rate of population of the excited state, the dark state population also 
increases shortening the on time. 
An unexpected consequence of increasing the intensity was a corresponding 
decrease in the off time.  The off time reduced from 30 μs to 7 μs when the intensity was 
increased from 1 to 10 kW/cm2.  Neither the larger emissive state excitation rate nor more 
rapid dark state population should contribute to residence time in the dark state.  This 
suggests that the dark state undergoes some optically induced transition, that is at least 
partially in resonance with the excitation.  The laser is either pushing the electron into a 
higher energy dark state that repopulates the emissive manifold or stimulating a 
radiationless transition directly back to the ground state.  Both pathways repopulate the 
emissive state allowing ground state absorption and subsequent early regeneration of the 
on cycle.  This surprising behavior helps to ameliorate the detrimental effect of non-
fluorescing dark states.  As will be explored in later chapters, optically shortening the 
dark state and repopulating the emissive manifold can be used to develop new imaging 
concepts based on fluorophore photobrightening. 
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Table 4.1.  Extracted data from exponential fits of autocorrelation decays showing the on 

























ΦD  Burst Intensities 
Counts/sec  
1.0 35.6 39.8 3038953 .009 46709 
5.2 15.2 23.2 3177262 .009 144169 
10.4 2.7 6.8 5475174 .016 399938 
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4.3 Photostability and Brightness 
While the intensity levels necessary for single molecule excitation result in blinking 
behavior that reduces emission rates, another important single molecule characteristic is 
total photons emitted prior to photobleaching.  For example, most organic dyes can emit 
approximately 107 photons prior to transitioning to a permanent dark state.79  The high 
count rates necessary for single molecule observations, therefore restrict experimental 
observations times.  With a fixed number of available photons, increasing the photons per 
second decreases the photostability of the molecule.  While reducing excitation intensities 
results in longer lived molecules, it does so at the expense of emission rates.  Of course 
reducing label brightness, particularly for diffusing biomolecules, in the presence of 
cellular autofluorescence leads to even lower sensitivity.  These issue are also 
exacerbated in some environments.  The presence of quenchers, such as oxygen, in 
biological systems tends to cause significantly faster bleaching as compared to 
deoxygenated solutions.170,171  Thus, Ag nanocluster photostability at various excitation 
intensities, both in polymer films and more biologically relevant conditions, was 
investigated by comparison to organic dyes. 
 Solutions of Ag-620 were diluted (1:1,000) in saturated PVA solutions and then 
spin coated at 1000 rpm for 1 min in order to isolate individual molecules.  Figure 4.3A 
show an image, with a 1-second exposure time, of individual Ag-620 molecules 
throughout the field of view.  Figure 4.3B shows a corresponding frame 300 seconds later 
where approximately half of the original molecules are still fluorescing.  These samples 
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state transitions and reduce photobleaching.  The Ag-620 molecules here appear to be 
much more stable than typically reported for organic dyes, which is consistent with the 
results seen in figure 4.1.  For a more quantitative comparison, similarly emitting cy3 
molecules, also immobilized in a PVA film, were imaged under identical conditions.  
Plotting the failure times, under prolonged mercury lamp excitation, of 100 molecules of 
both cy3 (red squares) and Ag-620 (black triangles) shows a stark difference between the 
two fluorophores (Figure 4.3C).  Cy3 molecules bleach very rapidly with less than half 
the molecules still fluorescent after 20 seconds.  In contrast, constant excitation of the 
Ag-620 molecules leads to bleaching of half the population only after more than 300 
seconds.  Simultaneous evaluation of fluorophore brightness showed that Ag nanoclusters 
yield an average of ~2500 counts per second, while cy3 had an average detected count 
rate of ~1500.  Despite the similar ensemble photophysical parameters, Ag nanoclusters 
hold a clear advantage in brightness due to the more frequent and long lived dark state 
exhibited by the cyanine dye.  It is unclear if photobleaching in either fluorophore is 
connected to the blinking, but Ag nanoclusters exhibit significantly better photostability 
as well.  Under moderate excitation, which should limit transitions into the dark state and 
photobleaching, we already see clear advantage for Ag nanoclusters.  At higher excitation 
intensities, typical for single molecule experiments, the difference should be more 
pronounced. 
 For high intensity excitation, spin coated films of Ag-710 were prepared with 1 to 
10,000 dilution in PVA.  With a confocal detection setup, 1 kW/cm2 excitation (633 nm) 
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Individual molecules of similarly emitting cy5, under the same conditions, emitted at less 
than half the rate of Ag nanoclusters (Figure 4.4 red).  Even greater contrast is observed 
in the photostability.  The Ag-710 molecule continues to emit for over 1200 seconds 
while the cy5 molecule bleaches in less than 20 seconds (inset figure 4.4).  The disparity 
in the emission rate grew larger as the excitation intensity increased, suggesting the 
longer time scale intermittency caused greater attenuation of the relative emission rates 
for the organic fluorophore.  This corresponds well with the model of premature 
saturation resulting from increased population of a long lived dark state. 
While polymer films are a somewhat idealized environment, devoid of likely 
quenchers and at least partially impermeable to oxygen, these studies nicely demonstrate 
that commonly used organic dyes bleach at a significantly faster rate than Ag 
nanoclusters.  A detection efficiency of 5% would indicate that this particular nanocluster 
emitted 6x108 photons prior to bleaching.  Factoring in the fluorescence quantum yield 
(.35), this level of emission equates to ~109 excitation cycles prior to irreversible 
photobleaching.  This represents an increase of two orders of magnitude over typical 
organic dyes. 
 
4.4 In Vitro Single Molecule Analysis 
While important to understanding the photophysical properties of fluorescent systems, 
immobilized studies in polymer films lack any biological relevance.  Biological imaging 
involves conditions that contain many components that can alter or detrimentally affect 
the photophysical properties of fluorescent dyes.172  While FCS studies gave some insight 
into probe behavior in aqueous environments, individual dyes were exposed to the 
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excitation beam for a short period of time (< 1ms) when diffusing through the focal 
volume.  Such studies are incompatible with accurate bleaching analysis.  Additionally, 
the typical excitation intensities for FCS experiments (>10 kW/cm2) are quite high 
relative to those for immobilized molecules.  These higher excitation intensities lead to 
more rapid population of the dark state and premature photobleaching giving a skewed 
measure of the relevant photophysical behavior.  Similar to most other dyes, Ag 
nanoclusters in solution are likely to exhibit significantly different behavior than seen in 
PVA.  In order to immobilize molecules in an aqueous environment, avidin-biotin linker 
chemistry was used to attach the scaffold to the surface of a coverslip.  An amine-
terminated silane was used to functionalize the coverslip, coating the surface with 
amines.  The coverslip was then exposed to a solution of .1% amine reactive biotinylated 
poly ethylene glycol (PEG) and 99.9% methyl terminated PEG.  After rinsing, an excess 
of avidin is added to the coverslip to react with the biotinylated PEG on the surface of the 
coverslip.  This results in a wide dispersion of the protein across the surface.  The 
bioinylated scaffolds developed in chapter 3 are then used to anchor Ag nanoclusters to 
the surface attached proteins.    
Ag-660 was synthesized in a biotinylated scaffold as described in chapter 3.  
These biotinylated Ag nanoclusters exhibit photophysical properties that are indistinct 
from traditionally synthesized clusters.  Single molecule brightness studies were 
performed on isolated molecules in a typical confocal setup.  Initially tracking isolated 
single molecules with a CCD camera, Ag-660 molecules were aligned to the pinhole to 
record single molecule trajectories.  Figure 4.5 (black) shows the time trace of an isolated 







































(594 nm), emission rates reached ~14,000 counts per second.  While moderately lower 
than the emission rates from PVA experiments, single Ag-660 molecules were 
significantly brighter than individual texas red molecules emitting at ~10,000 counts per 
(Figure 4.5 red) which was achieved only after increasing the excitation intensity to 
almost twice (1.8 kW/cm2) that needed for Ag-660.  Despite slightly diminished Ag 
nanocluster count rates, the relevant comparison is still between the Ag nanocluster and 
the organic dye which suffers from similar reductions.  Texas red was substituted for 
cyanine dyes in these experiments as initial studies of surface bound cy5 and cy3 resulted 
in rapid photobleaching, to the extent that molecules would not survive the alignment 
procedure.  While better than the cyanine dyes, texas red molecules only survived for ~5 
seconds.  After several seconds, the Ag nanocluster excitation intensity was increased by 
a factor of two resulting in a corresponding increase in the emission rate.  The excitation 
intensity was then raised to 3.5 kW/cm2 yielding emission of 40,000 counts per second.  
This molecule continuously emitted until finally bleaching after 45 seconds.   
Demonstrating bright emission and excellent photostability in aqueous 
environments, single molecules of Ag-660 emitted close to 2 million detected photons 
before bleaching.  Texas red barely emitted 50,000 detected photons under the same 
conditions.  Such bright emission at lower excitation intensities should lead to improved 
sensitivity in biological imaging.   
 
4.5 Long Time Scale Blinking Dynamics 
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Fluorescence intermittency is pervasive across almost all species of fluorescence dyes.68-
70  Blinking results from transitions into a variety of states, which are often sensitive to 
environmental conditions.  These states include spin forbidden transitions to triplet states, 
charge transfer states resulting in electron delocalization, and structural changes in the 
fluorescent molecule via isomerization.69,78,86,87,163  Patel and coworkers proposed that the 
microsecond blinking behavior expressed in all species of Ag nanocluster originates from 
charge transfer from the cluster that is delocalized along the ssDNA scaffold.126  Detailed 
transient absorption studies showed that several Ag nanocluster species had near identical 
excited state absorption spectra.  A rapidly formed dark state was also observed that 
exhibited a several microsecond lifetime, which is consistent with the blinking dynamics 
revealed through correlation analysis.  Additionally, the absorption spectra of this state 
was remarkably similar to the spectra seen for photoinduced transfer to cytosine 
producing anionic cytosine.173  The agreement between these studies suggests that 
delocalization of the excited electron onto the cytosine rich ssDNA is the origin of the 
blinking.   
While blinking analysis has been thoroughly investigated for Ag nanoclusters in 
PVA films and aqueous solutions, studies had not been completed for clusters after 
conjugation to a relatively large macromolecule such as avidin.  Immobilized molecules 
in polymer films with normal excitation intensities (< 4 kw/cm2) yielded only the 
microsecond blinking component, however, higher intensities resulted in infrequent and 
random transitions to longer dark state (>1 sec).  Given these poorly understood long 
lived dark states, and the proximity of the protein to the DNA scaffold it is possible that 
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further delocalization could occur lengthening the time scale of the intermittency under 
such conditions. 
Anchoring Ag-660 to the surface as described earlier, molecules were imaged 
using a ccd-camera to record any long term blinking behavior.  Using a defocused 594 
nm laser (3 kW/cm2) several molecules were simultaneously imaged.  Upon initial 
excitation several molecules were observed blinking on a time scale longer than the 
frame rate (1 sec).  In fact observing several continuous frames revealed that individual 
molecules remained dark for several frames before flashing back on intermittently.  This 
is illustrated in a comparison of Figure 4.6A and B which shows frames of the same 
series 2 seconds apart.  Initially several individual molecules are in the field of view, yet 
2 seconds later nearly all of these  molecules are no longer present, however, an entirely 
new set of molecules are visible.  Thus, molecules exhibit such long off and on intervals 
that 1 second frame rates cannot resolve the blinking behavior.  Such blinking, induced 
by simple conjugation chemistry, would render Ag nanoclusters useless as a biological 
label. 
Following the model proposed for nanocluster dark state formation, electron 
transfer should result in a cationic silver cluster.  As the long time scale blinking is seen 
only after attachment to avidin, further electron delocalization beyond the scaffold is the 
likely cause.  Recently Tinnefeld and coworkers have explored the effects of various 
oxidizing and reducing solutions on the blinking dynamics of various 
fluorophores.87,170,174  They showed that dark state transitions, resulting in a cationic 
radical fluorophore, could be readily restored to the emissive state with the addition of a 
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nanoclusters 100 µM ascorbic acid was added to the exact same sample that exhibited the 
long time scale blinking in fig 4.6 A and 4.6B.  Imaging with the same intensity and the 
same frame rate, a remarkable improvement in the stability of the fluorescence was 
observed, with no indication from frame to frame of any evident blinking behavior.  A 
comparison of figure 4.6C and 4.6D demonstrates the marked difference.  Taken 7 frames 
(7 sec) after C, the frame in D shows almost the exact same molecules as those exhibited 
in the earlier frame with the appearance of no additional fluorescent molecules.  These 
molecules, even under relatively high excitation intensity (3 kW/cm2), were quite 
photostable.  The majority were actually still fluorescing at the end of the data collection 
(52 sec).  Elimination of the long lived dark state through the addition of a reducing agent 
agreed quite well with the results shown by Tinnefeld.  These results also help to 
substantiate Patel and coworkers proposed charge transfer blinking model. 
 While the long term blinking seen on conjugation to avidin can readily be 
eliminated, the addition of ascorbic acid could pose problems for biological samples.  As 
a result, commercially available biotinylated DNA was ordered with a triethylene glycol 
(TEG) situated between the biotin and the oligonucleotide.  This introduced a separation 
of approximately 1.5 nanometers.  The scaffold with the TEG spacer showed identical Ag 
nanocluster phtophysics as that of the typical biotinylated scaffold and was readily 
synthesized with the same procedure.  On binding with Avidin, Ag nanoclusters in these 
scaffolds demonstrated no long time scale blinking, behaving similarly to those seen in 
figure 4.6C & D.  While adding size to the overall cluster-scaffold construct, the use of a 
spacer is more preferable for biological imaging than the addition of a potentially harmful 




In this chapter, photophysical analysis of Ag nanoclusters was used to determine their 
viability as single molecule fluorophores for biological imaging.  Comparison to standard 
fluorophores showed that several species of Ag nanoclusters exhibit significantly 
improved photostability and much higher emission rates.  Unlike the cyanine dyes, Ag 
nanocluster exhibit intermittency only in the less biologically relevant microsecond time 
regime, reducing potential interference with the interpretation of biological dynamics and 
increasing brightness.  Failure times of Ag nanoclusters under low excitation intensities 
showed that the red emitting species emitted roughly 40 times longer than the cy3 
molecules under similar experimental conditions.  Under higher excitation intensities 
typical for confocal microscopy led to an even greater disparity between nanoclusters and 
cyanine dyes, where clusters were emissive for close to 100 times longer. 
Issues with longer time scale blinking of Ag nanoclusters were addressed through 
introduction of a weak reducing agent or by sufficiently separating the scaffold from the 
biotin-avidin linker with a TEG spacer.  The increase in the scaffold size resulting from 
the addition of the spacer is not ideal.  This places even greater importance on developing 
smaller oligonucleotide scaffolds.  Addressing some of the issues that are prevalent in 
biological imaging such as photostability and probe brightness, the properties 
demonstrated here show marked improvement over most available fluorophores.  As a 
result Ag nanoclusters show promise for improving sensitivity in   biological imaging and 











A lack of sensitivity is one of the most persistent challenges in biological imaging.2,5  
Complicated by deficient fluorophore brightness and high backgrounds, poor sensitivity 
limits fluorescence based applications, prohibiting true intracellular single molecule 
imaging.  As seen in the previous chapter, already low fluorescence rates are diminished 
further by detrimental blinking, through the population of long lived dark states.  
Blinking is directly observed at the single molecule level, yet also manifests itself in bulk 
fluorescence, through decreased emission rates and more rapid photobleaching.  Long 
lived dark states essentially trap the molecule such that it can no longer cycle between the 
ground and emissive states leading to premature saturation of the ground state absorption.  
One way to increase fluorophore brightness is to increase the excitation intensity.  While 
this has the desired effect of increasing emission rates, the on time is also shortened, 
populating the dark state even more rapidly.  Additionally, higher excitation intensities 
lead to increased background fluorescence resulting in limited or no increase in overall 
sensitivity.   
If the dark state can be eliminated or rapidly depopulated, the emission rate would 
be enhanced relative to the fluorescence in the presence of the dark state.  In fact, any 
depopulation of this dark state at a faster rate than the natural decay will enhance the rate 
of fluorescence.  Achieving this without affecting the background fluorescence would 
also lead to improved sensitivity.  A number of techniques have recently been employed 
in an effort to shorten the dark state lifetime.  Tinnefeld and coworkers investigated 
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fluorescent systems that create charged states during dark state formation and used 
reducing and oxidative solutions to repopulate the emissive manifold.87,174  Moderately 
successful at reducing fluorophore blinking, these methods are limited in biological 
imaging due to the introduction of highly concentrated reducing agents.  Optical 
depopulation of the dark state has also been investigated as way to enhance fluorescence.  
Here a secondary laser, at lower energy than the emission, is used to excite the molecule 
to a higher energy dark state that subsequently repopulates the emissive manifold. 
Ringemann and coworkers studied a series of fluorescent dyes and evaluated 
fluorescence under dual laser excitation observing only moderate enhancements (<10%) 
in solution.175  Even these small increases in fluorescence, required extremely high 
secondary laser intensities (> MW/cm2) due to the low action cross section for 
depopulation of the dark state.  Not surprisingly, such large excitation intensities led to 
rapid photobleaching.175  As previously detailed by equation 4.1, fluorescence dampening 
is directly related to the off time.  As a result the fluorescence enhancement is also tied to 
the off time where the maximum possible enhancement is shown in equation 5.1 
 
                   Equation 5.1 
This suggests that elimination of the dark state could lead to significant enhancement for 
many systems including Ag nanoclusters. 
Examination of Ag nanocluster blinking dynamics revealed significant intensity 
dependence, with higher intensities leading to both on and off time shortening.  In this 
case the primary laser excitation is directly depopulating the dark state.  While increasing 
the intensity of this laser gives shorter off times and higher emission, the background 
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would also exhibit a corresponding increase, as it is directly dependent on the excitation 
intensity.  However, if a secondary laser at lower energy than the emission can be used to 
depopulate the dark state, the target fluorescence would be increased while the 
background was unaffected.  With higher emission but fixed background fluorescence, 
longer wavelength induced photobrightening should significantly improve sensitivity. 
 
5.2. Dark State Depopulation 
Increasing primary laser intensities was found to efficiently reduce dark state residence 
time for Ag nanoclusters.  The primary excitation, therefore, likely co-excites the dark 
state and repopulates the emissive manifold.  Several factors regulate this process.  The 
excitation rate out of the dark state, kD, depends on the absorption cross section, σD, and 
the excitation intensity, I, where kD = σDI.  A large cross section allows for excitation at 
lower intensities.  Once excited, the molecule can either cross over to the emissive 
manifold or simply relax back to the lower energy level. The probability for repopulating 
the emissive manifold is the dark sate quantum yield, QD-.  The action cross section, σAc, 
for this back transfer is the product of σD and QD- where (σAc= σD QD-).  So, efficient 
repopulation of the emissive manifold is characterized by large actions cross sections.  To 
avoid increasing the background, while simultaneously enhancing the fluorescence; this 
transition should be efficient at lower energy (i.e. longer wavelength) than the emission.   
Initial studies were performed to determine the optimum secondary wavelength 
for Ag nanocluster enhancement.  A PVA immobilized sample, cast from a solution 
containing 100 nM Ag-710, was simultaneously excited with a 633 nm laser (1.2 





Figure 5.1.  A.  Excitation scan of the secondary laser inducing photobrightening shown 
by plotting the Enhancement factor versus the secondary wavelength.  B.  An overlay of 

































































kW/cm2).  The emission rate during dual laser excitation was divided by the signal from 
single laser excitation giving an enhancement factor for each of the secondary 
wavelengths.  Figure 5.1A shows the resulting secondary laser excitation scan, which 
reflects the relative action cross section for repopulation of the emissive manifold.  
Significant photobrightening (>50%) occurs over a majority of the spectrum and trends 
upward at shorter wavelengths.  Spectral overlap between the secondary laser and the 
collected emission limited scans to the low energy side of 750 nm, thus a true excitation 
maximum was not observed.  Repeating the experiment with additional Ag nanocluster 
species reveals similar behavior, where an overlay of the excitation scans for Ag-660, 
Ag-680, and Ag-710 shows remarkable similarities in the relative action cross sections 
(Figure 5.1B).  As predicted by the anionic cytosine dark state model, this suggests a 
common origin for both the dark state and depopulation pathways.  These studies 
demonstrate that lower energy secondary excitation can efficiently depopulate Ag 
nanocluster dark states, with three orders of magnitude lower intensities than used by 
Ringemann for common organic fluorophores.   
 
5.3 Ag Nanocluster Photobrightening  
Fluorescence enhancement induced by dark state depopulation should be feasible 
at both the ensemble and single molecule level.  Ideally low excitation intensities, of no 
more than a few kW/cm2, would be sufficient to generate maximum enhancement.  Even 
though the secondary laser generates no additional background at the detection 
wavelength, high intensities could potentially be incompatible with biological studies.  
Based on the typical on and off times exhibited by Ag nanoclusters, single molecule 
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enhancement could be as much as 4 or 5 fold over single laser excitation.  As sensitivity 
gains are directly tied to the level of enhancement, determination of these values and the 
factors affecting them are crucial to understanding potential applications in biological 
imaging. 
Single molecule samples of Ag nanoclusters in PVA, prepared as described 
earlier, were initially excited with just a primary laser and then afterwards with a 
simultaneous secondary laser.  For all studies a secondary wavelength of 805 nm was 
used as it is sufficiently removed from the emission of each of the nanoclusters but still 
generates significant enhancement.  Recording the emission for both cases, enhancement 
factors were determined by calculating the ratio of emission from dual laser excitation to 
the emission from single laser excitation.  To insure optimum polarization, a half wave 
plate was placed in the beam path of the primary laser and adjusted until the emission 
was maximized.  The polarization for the secondary laser was then optimized by 
maximizing the enhancement.  Both the primary and secondary excitation were sensitive 
to the polarization.   
Exciting a single Ag-710 molecule with 633 nm primary laser (1.4 kW/cm2), 
yielded an emission rate of roughly 40,000 counts per sec (Figure 5.2A).  At the 10 
second mark the sample was simultaneously exposed to an 805 nm secondary laser (6 
kW/cm2) which caused a near instantaneous increase in the count rate to 160,000 counts 
per sec (Figure 5.2A).  The resulting 4-fold increase in the fluorescence intensity reveals 
significant single molecule photobrightening from relatively low secondary excitation 
intensity.  Remarkably, even at these high emission rates the molecule still continuously 




Figure 5.2. A. Time trace of a single Ag-710 molecule in PVA exposed initially to just a 
633 nm laser (1.4 kW/cm2) and then simultaneously exposed to an 800 nm laser (6 
kW/cm2).  B.  Time trace under single laser laser 633 nm excitation (6 kW/cm2) showing 
high emission rates.  C.  Time trace under 633nm laser (1.2 kW/cm2) and then 



































































efficiency, this corresponds to approximately 300 million emitted photons prior to 
photobleaching.  Factoring in the fluorescence quantum yield (35%), this level of 
emission represents approximately 1010 excitation cycles before permanent bleaching.  
In terms of total number of emitted photons and excitation cycles, these studies 
fall within the same range seen for single laser excitation of an Ag-710 molecule with 
detected emission rates of ~ 35,000 counts per second (chapter 4).  The strong correlation 
suggests that, although the secondary laser significantly increases the overall count rate, it 
does not result in more rapid photobleaching.  If the dark state was an intermediate step 
leading to photobleaching, the reduced dark state lifetime would lead to better 
photostability.  The evidence seen here suggests that bleaching is connected to a separate 
photophysical process altogether.   
When the primary laser intensity is increased to sufficient levels (6kW/cm2) to 
generate 150,000 counts per second, behavior with respect to bleaching and blinking 
changes considerably (Figure 5.2B).  Much more rapid photobleaching is observed, 
resulting in barely 75 million emitted photons.  Additionally, the intensity in the time 
trace fluctuates wildly before finally photobleaching at 28 seconds.  Clearly higher 
primary laser intensities increase the probability of accessing photophysical processes 
that are unaffected by the secondary laser.  These results, however, are preliminary, and 
additional studies are necessary to fully characterize the photophysical mechanism of Ag 
nanocluster bleaching.  Still, dual laser excitation can generate constant emission at high 
count rates, without sacrificing the overall number of photons emitted.   
Additional studies were performed to test the response of single molecule 




Figure 5.3.  Secondary laser intensity dependence for Ag-710 (A) and Ag-620 (B).  For 
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to a 633 nm laser (1.2 kW/cm2) giving 20,000 counts per second (Figure 5.2C).  In the 
presence of the secondary laser (1 kW/cm2) the emission rate increased to 40,000 counts 
per second but dropped back to the lower single laser level when the secondary laser 
exposure was again interrupted (figure 5.2C).   The same molecule was then exposed to 
higher secondary laser intensity (4.2 kW/cm2), driving the emission rate over 100,000 
counts per second.  The ability to cycle back and forth between the lower and higher 
fluorescence levels in response to secondary laser exposure, suggests the fluorescence 
signal can be imparted with the properties of the secondary laser waveform. 
To further examine the intensity dependence of the secondary laser, samples of 
both Ag-620 and Ag-710 were prepared such that single molecules were dispersed 
throughout the film and roughly 3-5 molecules were within the focus of the laser.  Even 
at low secondary laser intensities (< 1kW/cm2), both Ag-710 (Figure 5.3A) and Ag-620 
(Figure 5.3B) exhibit fluorescence enhancement.  The enhancement of Ag-710 starts to 
saturate near 10 kW/cm2, while Ag-620 actually begins to saturate in less than 5 kW/cm2, 
in both cases suggesting very efficient optical depopulation.  This suggests large action 
cross section for transitions out of the dark state and back to the emissive manifold.  The 
moderate secondary excitation intensities seen here are encouraging.  Even though the 
secondary laser results in no additional background, extremely high intensities would still 
be prohibitive in biological imaging. 
While single step bleaching such as that indicated in figure 5.2 A&B is suggestive 
of single molecule emission, photon antibunching experiments were performed for 
verification.  Using a two detector confocal setup emission from an individual molecule, 





Figure 5.4.  A.  Combined time trace from 2 channels of an individual Ag-710 molecule 
excited with a 633 nm cw laser (2 kW/cm2) and after 15 sec a secondary laser at 805 nm 
(8 kW/cm2).  B.  The resulting cross correlation from A showing an antibunching peak at 


















































into two separate signals via a beam splitting fiber (100 µm).  The resulting time traces 
from each fiber were collected separately at corresponding detectors.  A 1.8 µs artificial 
delay was built into one channel so that the effective zero time difference between the 
channels could be shifted to a measurable value.  As a single molecule can only emit one 
photon per excitation cycle, the probability of photons of the same molecule arriving 
simultaneously at the two detectors is near zero.  The presence of a dip at 1.8 µs is then 
indicative of photon antibunching.  Figure 5.4A shows a single molecule time trace 
which is the combined signal from the two separate channels, and the resulting cross 
correlation with ns resolution is shown in 5.4B.  There is a clear dip below 50% of the 
base amplitude verifying single molecule emission. 
 
5.4 Ag Nanocluster Photobrightening in Aqueous Environments 
While studies in PVA films are useful for investigating photophysical properties, 
they are of little biological relevance.  As a result, additional studies in aqueous solutions 
were performed to more adequately show the viability of Ag nanocluster 
photobrightening.  FCS can be used to determine the number of molecules (N) in the 
focal volume which in conjunction with the average count rate (I) is used to calculate the 
brightness per molecule (q).  This is achieved by simply dividing the average count rate 
by the number of molecules.  From this a relative brightness comparison can be made 
between single and dual laser excitation.  
 A solution of Ag-710 was diluted by a factor of 1 to 5000 resulting in 
approximately one molecule in the focal volume on average.  The sample was initially 




Figure 5.5. A. FCS time trace showing burst heights under single laser 633 nm excitation 
(4 kW/cm2).  B.  FCS time trace showing burst heights under dual laser excitiong with 

























































exposed to 805 nm secondary laser (10 kW/cm2), again extracting the number of 
molecules. This difference in brightness can be directly observed by binning the time 
trace at a fine enough resolution (5 ms) to reveal fluorescence intensity bursts due to 
individual molecules diffusing in and out of the focal volume.  Figure 5.5 A & B show 
the burst heights from single laser excitation and dual laser excitation, respectively.  
Individual burst heights average approximately 75 (cnts/5ms) when exposed to just one 
laser, but jump up 225 (cnts/5ms) once exposed to the second laser, resulting in a 3 fold 
increase in fluorescence brightness.  The corresponding brightness per molecule 
calculation for this sample showed an increase from ~1200 to ~3600 counts per molecule 
in the presence of the second laser, agreeing well with the burst height analysis.  The 
photobrightening originally observed in PVA films is also readily conveyed to Ag 
nanoclusters in solution.  While some individual molecules in PVA exhibited as much as 
6-fold enhancement, molecules in solution reached a maximum of 3-fold enhancement.  
This disparity is likely due to two main factors- the enhancement in solution is averaged 
over many molecules and the polarization is no longer optimized for diffusing molecules.  
Efficient repopulation of the emissive state should reverse the premature 
saturation seen as a result of the long lifetime of the dark state.  Saturation causes a sub-
linear response to the excitation intensity, where the expected emission rates are not 
proportional to the increase in the excitation intensity.  Rapid depopulation of the dark 
state should at least partially recover the expected linearity in the emission rate.  Plotting 
the primary laser intensity (633 nm) versus the brightness per molecule, calculated from 




Figure 5.6.  Brightness per molecule plotted vs the primary laser intensity for single laser 

































Beyond this relatively low excitation intensity, little emission is gained from increasing 
the laser intensity.  Under simultaneous secondary laser excitation (805 nm, 8 kW/cm2) 
the brightness per molecule data shows a recovery of the expected linearity with no 
obvious saturation out to 6 kW/cm2. 
These results suggest that depopulation of the dark state occurs so efficiently that 
the residence time in the dark state is pushed to faster time scales rendering it 
insignificant.  Furthermore, the enhancement seen in FCS experiments suggests that 
dynamic photobrightening could be feasible in biological imaging.  It should be noted, 
however, that in FCS individual molecules are in the focal volume for a relatively short 
time (< 1ms), thus long term photobleaching measurements are not possible.  While 
initial experiments are promising, additional characterization in relevant conditions is 
required.  
 
5.5 Dual Laser Correlation Analysis 
While these previous studies strongly suggest that Ag nanocluster fluorescence 
enhancement originates from a dark state shortening, correlation analysis can be used to 
directly extract changes in the off time between single and dual laser excitation for 
verification.  Similar to the off time extraction illustrated in chapter 4, single Ag-710 
molecules were isolated in PVA films and excited initially with a 633 nm laser and then 
with a simultaneous 805 nm secondary laser.  Recording intensity versus time data, single 
molecule trajectories were initially collected with just 633 nm excitation (1.8 kW/cm2).  
An autocorrelation of this data exhibited the expected microsecond decay similar to 





Figure 5.7.  A.  Autocorrelation from a single molecule time trace from 633 nm 
excitation (1.8 kW/cm2) (black) and the autocorrelation from the same molecule while 
also being exposed to 805 nm secondary excitation (700 W/cm2) (red). B.  
Autocorrelation of a time trace under 633 nm excitation (1.8 kW/cm2) (black) and the 
































































at a relatively low intensity, 700 W/cm2, additional time trace data was collected.  The 
autocorrelation of the dual laser time trace showed significant changes compared to its 
single laser counterpart (Figure 5.7A red).  In correlation analysis, the amplitude of the 
decay corresponds to the relative population in the dark state, and the decay time is 
indicative of the time scale of the intermittency.    The decrease in the autocorrelation 
decay from the black to the red curve suggests a decrease in the population of the dark 
state tied to rapid depopulation.  Additionally the slight shift to a faster decay time also 
indicates a shorter dark state lifetime. The extracted on and off times (Equations 4.2-4.5) 
for the single laser time trace were 8.9 µs and 18.7 µs, respectively.  These values are 
typical for single laser excitation of Ag nanoclusters as seen in chapter 4.  Extraction of 
the dual laser components show that the on time remained virtually unchanged, while the 
off time decreased to 7.9 µs.  Clearly, the increase in the emission rate is accompanied by 
a corresponding reduction in the off time verifying that enhancement is tied to 
depopulation of the dark state. Additional data was collected comparing single molecule 
autocorrelations with higher secondary laser intensities (4 kW/cm2).  While the single 
laser correlation is similar to that seen in 5.7A, the dual laser correlation now shows a flat 
line indicating no apparent decay in the microsecond time regime (Figure 5.7B). This 
suggests the rapid depopulation has pushed the residence time in the dark state to much 
faster time regimes than can be measured in our experimental setup.   
 
5.6 Optical Modulation 
Fluorescence enhancement in both single molecule and bulk imaging applications 
will naturally lead to increased imaging sensitivity.  Such gains, while useful, are not 
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sufficient to address all sensitivity issues related to imaging subcellular components, 
particularly those involving low copy number proteins or single molecule measurements.  
Dynamic photobrightening, however, could potentially provide even larger sensitivity 
gains then seen from just increasing fluorophore brightness.  At the single molecule level, 
photobrightening is simply the result of increasing the average time in the emissive 
manifold through a decrease in the dark state.  Analogously, at the ensemble level, we 
can view photobrightening as simply increasing the probability of the fluorophore 
population residing in the emissive manifold.  The synchronous application of a 
secondary laser, that serves to depopulate the dark state, should result in an enhanced 
fluorescence signal at a specific and regular frequency.  Regular modulated signals could 
then be directly extracted using signal processing techniques.   
Turning the secondary laser on and off effectively modulates the enhancement by 
causing the fluorescence signal to alternate between the low and high levels of 
fluorescence at the same frequency as secondary laser exposure.  The modulation 
frequency is then only limited by the fundamental on and off times of the Ag nanocluster 
system.  Where if the modulation approaches the time frame of a complete on and off 
cycle for the dark state, the modulation frequency is obscured as the system cannot 
respond.  The response time of the fluorescence system is directly linked to a 
combination of the off and on times.  While intuitive for single molecules, the concept of 
off and on times is less obvious for bulk samples where this process can be viewed as the 




Figure 5.8.  PVA-immobilized Ag nanodot emission under constant 633 nm excitation 
and 805nm excitation modulated at (A) 10, (B) 100, and (C) 1000 Hz. (D) Fourier 
transforms of the emission in (A-C) (red, blue, and green, respectively),each binned an 


































































































































Using a PVA immobilized sample of Ag-710 where several molecules were in the 
focus of the laser at the same time, the response of the enhancement to the varied 
modulation frequencies was tested for time scales ranging from several hertz to 1 kHz  
 (figure 5.8).  The modulation frequency can clearly be seen in the fluorescence time 
traces, where the lower emission levels correspond to just 633 nm excitation (1.6 
kW/cm2) and the higher levels to simultaneous 805 nm excitation (4 kW/cm2) (Figure 
5.8a-c).  At all frequencies, single laser excitation yields ~60,000 detected photons per 
second, while simultaneous illumination at 805 nm results in increased fluorescence. A 
key here is that the modulation resulted in dynamic photobrightening, where the 
enhancement alternated between high and low levels perfectly in phase with secondary 
laser exposure.  In all cases the primary and secondary lasers were kept at the same 
intensities.  The modulation frequency, thus, can be explicitly controlled through 
changing the laser chopping frequency without the necessity of increasing the laser 
intensity. 
To verify that the laser modulation frequency was imprinted on the fluorescence 
waveform, the frequency components of each data set was analyzed.  Fourier transforms 
of the resulting time traces reveal the original laser modulation frequency in each case: 
10, 100 or 1000 Hz, corresponding to Fig 5.8A, 5.8B, and 5.8C, respectively.  Perhaps 
the most interesting aspect of controlling the modulation frequency is that it allows for 
specific tuning of the fluorescence waveform based on experimental parameters.  For 
example, biological systems exhibit dynamics across a wide range of timescales, thus the 
capability of shifting the modulation frequency away from these dynamics increases the 
potential scope of this technique. 
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5.7 Synchronous Modulation Image Extraction 
Periodically amplifying fluorescence signals, such that photobrightening occurs at 
regular intervals, should allow selective signal extraction through lock-in type detection.  
Recently, Marriott and coworkers demonstrated that photoswitchable dyes, with 
thermally stable dark states, can be turned off and then on with sequential dual laser 
excitation resulting in regular modulation of the fluorescent signal.176,177  In contrast to 
dynamic modulation, this technique employed a rather slow switching process.  
Additionally, the rate of switching to and from the dark state was dependent on the laser 
intensity, and as the waveform was not externally applied it had to be monitored with a 
separate internal control, complicating both image collection and processing.  Creation of 
the proper fluorescence waveform required near complete photobleaching of all the 
molecules and then subsequent recover with a higher energy secondary laser.  The 
limitations of this technique stem from the photophysical properties of the fluorophore 
and include background generating high-energy secondary excitation, a slow switching 
mechanism, alternate rather than simultaneous application of excitation lasers, and a lack 
of external control over the modulation cycle. 
The dynamic photobrightening exhibited by Ag nanoclusters should allow for 
their selective enhancement and extraction.  Thus, images that contain an amplified 
signal, even buried within a large background, can be delineated simply by identification 
of those pixels which exhibit the requisite waveform.  Fourier analysis,  
,∞∞  of each pixel will be able select fluorescence related to the target signal 
versus those related to the background.  Those pixels containing no regular frequency 
component will show up in the zero frequency component, while those containing target 
109 
 
fluorescence will be shifted to the frequency of the modulation.  The signal which was 
completely obscured in the time based data is now revealed creating a digital signal 
processing detection system for each individual pixel.   
Cy5, which emits at a similar wavelength as Ag-710, was used to create an 
artificially large background by which to test nanocluster signal extraction.  Ag-710 was 
immobilized in a PVA film and place on top of a coverslip containing a 15-µM solution 
of Cy5.  Exciting the Ag nanoclusters, by focusing 633 nm (3kW/cm2) light on to the film 
through the cy5 solution and detecting with a ccd camera in an epifluorescence 
arrangement, resulted in an image showing a large fluorescent area mainly due to out of 
focus fluorescence from cy5 (Figure 5.9A).  Simultaneously, an 805 nm laser (2 kW/cm2) 
was focused onto the nanocluster sample and modulated at 10Hz while the frame rate of 
the camera was set at 100 Hz.  A time trace was reconstructed for each pixel from the 
series of frames taken at 100 Hz and a Fourier transform of the resulting time trace was 
used to monitor for the frequency component matching the modulated laser.  Plotting the 
amplitude at 10 Hz for each pixel resulted in the demodulated image where the cy5 
fluorescence was completely eliminated (Figure 5.9B). 
Examination of the time trace from a pixel under dual laser illumination shows a 
steady fluorescence at approximately 60,000 counts/pixel with a regular waveform 
imposed by the modulated secondary laser of about 2% of the base fluorescence. The 
recovered image is roughly the same size (4 pixels FWHM) as the 805 nm laser spot size, 
demonstrating background elimination through demodulated signal recovery. This 
illustrates that even relatively low emission on top of a large background can readily be 




Figure 5.9.  PVA immobilized Ag-710 imaged through a 15 µM Cy5 solution with 
constant defocused 633 nm excitation (3 kW/cm2) and optically chopped and focused 
805 nm excitation (2 kW/cm2). (A) 3D plot of a typical raw 10 ms exposure ccd frame. 
Inset: raw 2D ccd image. (B) 3D plot of the demodulated signal recovering only the Ag 
nanocluster signal.  Inset: raw 2D ccd image.  C Time trace of an individual pixel for 10 
sec with insets of (right) a zoomed in region of the time trace revealing the modulated 
intensity (from Ag nanodots) over the high Cy5 background and (left) the Fourier 








































































































concept of fluorescence based modulated signal extraction was nicely demonstrated and 
shows great promise for potential applications in similar high background environments. 
 
5.8 Synchronous Modulation Image Extraction of Single Molecules 
 As bulk signals were readily extracted from extremely high background, single 
molecule extraction should also be feasible.  Given the nature of the detection system, 
ccd camera, and the presence of background generated photons, verification of single 
molecule detection is challenging.  Due to the dipolar nature of the emission, single 
molecules exhibit a sine squared intensity distribution about the dipole.  These emission 
patterns, characteristic of single molecules, can be visualized with ccd camera detection.  
In order to demonstrate single molecule signal extraction from high background, a 
sample containing 200 nM cy5 and 500 pM Ag-710 was immobilized in PVA by spin 
coating onto a coverslip.  The concentration of Ag-710 was sufficiently low such that 
individual molecules were well spaced throughout the film.  Using an identical procedure 
to that outlined for the bulk sample, images of the sample were taking at 40 Hz while 
illuminating with constant 633 nm (800 W/cm2) and modulated the 805 nm (6 kW/cm2) 
laser at 4 Hz.  Raw images of the entire illuminated area show a rather uniform intensity 
across the image with no apparent single molecules visible (Figure 5.10A).  Upon 
demodulation, sharp structures were observed in the demodulated image (figure 5.10B).  
The pixel size of these structures suggests that they are single molecules, but definitive 
identification in this environment is not feasible.  Therefore, separate samples of Ag-710 




Figure 5.10.  A.  Raw image of a PVA immobilized sample composed of both cy5 and 
low concentration Ag-710 excited with constant 633 nm (800 W/cm2) and modulated 805 
nm (6 kW/cm2) laser at 4 Hz.  B.  Demodulated image of (A) showing sharp spikes 
corresponding to single molecules.  C.  Raw image of combined separate images of cy5 
and Ag-710 immobilized in PVA both excited with constant 633 nm (2 kW/cm2) and 
modulated 805 nm (6 kW/cm2) laser at 4 Hz.  D.  Demodulated image of (C) showing the 







































constant 633 nm (2 kW/cm2) excitation and modulated (4 Hz) 805 nm excitation (6 
kW/cm2).  The cy5 sample exhibited only a bright homogeneous background while the 
Ag-710 sample, with proper focusing, showed a dipole emission pattern from a single 
molecule.  These two separate data sets were added together where the resulting 
combined image completely obscured the dipole emission pattern (Figure 5.10C).  
Subsequent demodulation readily recovers the original dipole emission verifying the 
extraction of single molecule signals from obscuring backgrounds (Figure 5.10D). 
 
5.9 Conclusion 
The extension of signal processing techniques to fluorescence imaging represents 
an important advancement in overcoming complications related to limited sensitivity in 
biological imaging.  Both probe brightness and inherent background fluorescence inhibit 
many applications involving ensemble and single molecule imaging of subcellular 
components. We have explored unique photophysical behavior of Ag nanoclusters that 
enable the optical depopulation of long lived dark states.  Blinking suppresses emission 
rates through premature saturation, limiting fluorophore brightness, but rapid 
depopulation of the dark state reduces residence times reversing this detrimental 
behavior.  This process can be used to dynamically modulate Ag nanocluster 
fluorescence, leading to an entirely new high sensitivity imaging technique.  Even at low 
intensities relative to the overall background fluorescence, Ag nanoclusters signals can be 




While Ag nanocluster based imaging may be potentially relevant to many 
biological applications suffering from poor sensitivity, several challenges remain.  
Complete characterization of these fluorophores, particularly a thorough understanding of 
how they behave in cellular environments, needs to be completed before they can be 



























The extension of high sensitivity imaging techniques developed for Ag nanoclusters to 
other more widely used organic probes, would greatly increase its potential application in 
biological imaging.  Relying on the depopulation of intrinsic dark states, potential 
fluorophores would have to exhibit some of the distinct photophysical properties seen in 
Ag nanoclusters.  While still widely viewed as detrimental, the selective population and 
depopulation of dark states has recently been advantageously employed in a number of 
new imaging techniques which focus primarily on improving spatial resolution.16,178,179  
Utilizing fluorescent systems with thermally stable dark states, most applications rely on 
serial location of single molecules for high resolution imaging. The behavior of these 
systems provides some context for the application of signal modulation. Under laser 
excitation, these fluorophores exhibit typical emission until transitioning into a 
permanent off (dark) state.  These non-fluorescent states are optically depopulated 
through photoisomerization with exposure to higher energy secondary excitation, 
transitioning the molecule back to the emissive state.  Serial location techniques, initially 
pioneered in the use of stochastic optical reconstruction microscopy (STORM)178 and 
photo-activated localization microscopy (PALM)16,179 use the stochastic nature of 
fluorophore switching to randomly populate the sample with a small number of single 
molecules. A high resolution mapping of the entire imaged structure is achieved by 
successively marking the location of single molecules as they become fluorescent.  These 
techniques require sequential alternating exposure to the two lasers, and they are also 
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dependent on the excitation intensity of both lasers to control the rate of molecules 
transitioning into and out of the dark state.   
More relevant to optical modulation, Marriott and coworkers have extended the 
use of photoswitchable dyes to high sensitivity imaging through the development of 
optical lock-in detection (OLID).176,177  Similar to the serial location techniques, here 
fluorophores are also driven in to a dark state and then optically recovered with higher 
energy secondary excitation.  Exposing the sample to sufficient intensity and duration of 
the primary laser, results in the switching of nearly the entire population of fluorophores.  
Repeating this process for multiple cycles then imprints a regular frequency onto the 
fluorescence signal which can be used for targeted extraction.  This results in a similar 
fluorescence signal to that shown for Ag nanocluster modulation.  While a regular 
waveform is established, it is not, however, based on an externally controlled frequency 
and as such an internal standard needs to be simultaneously measured to extract the 
modulated component.  The use of photoswitchable fluorescent systems involves a 
number of other limitations as well.  The secondary laser works at higher energy than the 
emission so both lasers cannot be operated simultaneously.  Requiring that nearly the 
whole population is pushed back and forth between the states on each cycle, OLID is a 
much slower process than demonstrated for Ag nanoclusters.  While certainly a useful 
technique for imaging static structures, in its present form OLID does not have the 
capability to resolve dynamics even on relatively slow time scales.  Photoswitchable dyes 
with thermally stable dark states appear to be poor candidates for optical modulation. 
Dynamic control of the modulation frequency exhibited with Ag nanoclusters is a 
direct result of the transient nature of the dark state which naturally decays on a 
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microsecond time scale.  This allows for the regular transition between two different 
fluorescence levels where the system is continuously emitting just at a higher rate in the 
presence of the lower energy secondary laser.  In contrast to photoswitches where the rate 
of transition between off and on states is dependent on the laser intensities, modulation 
frequencies using meta-stable dark states follow the waveform of the externally applied 
laser with complete independence from the laser intensity.  Extending signal extraction 
techniques beyond Ag nanoclusters, will ideally involve the development of fluorescent 
systems with these naturally decaying dark states.  In order to generate enhancement, 
dark states also need to be optically accessible, such that exposure to lower energy 
excitation drives the molecule back to the emissive state faster than natural decay. 
Existing literature on dyes that show photobrightening via optical depopulation of 
the dark state is quite limited.  The most thorough investigation was carried out by 
Eggeling and coworkers who evaluated the photobrightening capability of several 
fluorophores.175  A number of interesting results were seen.  They found that several dyes 
readily exhibited some type fluorescence enhancement when embedded in a polymer 
film, albeit only with secondary laser intensities exceeding MW/cm2 (3 orders of 
magnitude higher than Ag nanoclusters).  When the dyes were studied in aqueous 
solution the vast majority showed no enhancement at all with the exceptions of FITC 
(10% enhancement) and EYFP (5% enhancement) both at MW/cm2 intensities.  The high 
intensities needed for these fluorophores to exhibit photobrightening not surprisingly 
resulted in very rapid photobleaching.  As the selection process of dyes for modulation 
based imaging will require the analysis of many fluorescent systems, clearly the 
development of a standard set of screening criteria would help facilitate identification. 
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6.2 Xanthene Dye Systems 
Xanthene dyes with heavy atom ring substitutions typically exhibit very efficient 
population of a triplet dark state.  Rose bengal, erythrosine b, and eosin y all fit into this 
category with triplet quantum yields of .98,180 .90,181 and .56,181 respectively.  Such large 
triplet quantum yields result in very short on times diminishing the fluorescence quantum 
yield, therefore all three are exceptionally poor fluorophores for imaging.  Despite its 
limited application in imaging, rose bengal in particular has been fairly well characterized 
and has been shown to exhibit a rather large triplet state absorption cross section (~10−16 
cm2 ) in the visible range.182  The large relative population and long lived lifetime of the 
triplet state could potentially lend itself to optical depopulation and give some insight into 
the photophysical properties governing the processes leading to efficient 
photobrightening. 
 In order to determine the optimum conditions for enhancement, initial studies 
were performed to ascertain the appropriate range of wavelengths for secondary 
excitation.  Exciting a 10 µM solution of rose bengal with a constant primary laser (530 
nm at 30 W/cm2), the secondary wavelength (350 kW/cm2) was scanned from 725 nm to 
975 nm.  An excitation scan was constructed by plotting the enhancement factor versus 
the secondary wavelength, showing a resonance near 900 nm and significant 
enhancement ranging from 800 nm to 950 nm (Figure 6.1A).  This curve simply 
represents the propensity of the dye to revert from the dark state back to the emissive 
state.  The reverse transition is based on an action cross section defined as the absorption 
cross section times the quantum yield for crossing from the triplet to the singlet state, for 
that reason previous transient absorption studies do not reflect the well defined resonance 
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as shown here. Most importantly these studies verify that photobrightening of rose bengal 
is feasible and can be accomplished via excitation at lower energy than the emission.   
In order to determine the effect of the primary laser excitation intensity on the 
observed enhancement, experiments were performed at various 530 nm and 568 nm 
excitation intensities while under constant 800 nm secondary excitation (300 kW/cm2)  
(Figure 6.1B).  Higher primary laser excitation intensities should lead to more rapid 
depopulation of the singlet state, shortening τon and giving larger enhancement; however, 
this process is complicated by the already miniscule on time due to rose bengal’s large 
triplet quantum yield (98%).  So in this case only a moderate increase in the enhancement 
should be observed.  Upon increasing the intensity of the primary laser, both for 530 nm 
and 568 nm excitation, the enhancement factor actually decreases significantly.  In fact, 
enhancement is only observed at relatively low intensities (< 400 W/cm2) (Figure 6.1B).  
Given the already efficient generation of the dark state and fundamental photophysical 
limits it is unlikely that the observed inverse intensity dependence is related to generation 
of the triplet state, suggesting the presence of other photo-induced transitions tied not to 
the on time but rather to the off time.  The most likely cause is direct excitation out of the 
dark state via primary laser excitation.  Inducing these transitions at such low intensities, 
the action cross section at the primary wavelength would have to be much larger than at 
the secondary wavelength.  Comparing 530 nm versus 568 nm excitation shows slightly 
lower enhancement at the latter suggesting more efficient depopulation of the triplet state.  
In line with our experimental data, recently reported results show a very large action 




Figure 6.1.  A. Secondary laser excitation scan at 350 kW/cm2from 725 nm to 950 nm 
with continuous primary excitation at 530 nm (30 W/cm2) showing enhancement above 
800 nm with a resonance near 900 nm. B. Plot of 530 nm (red) and 568 nm (black) at 
increasing intensity vs enhancement factor with constant 805 nm (300 kW/cm2) showing 







































singlet to singlet absorption cross section.183  Such a competing process through 
simultaneous absorption of 530 nm light from the triplet ground state creates a major 
hindrance to the use of rose bengal for modulation based experiments. 
 
6.3 Optimization of Rose Bengal Enhancement 
To determine whether the primary laser was in fact simultaneously exciting the singlet 
transition and depopulating the dark state, a relatively low repetition rate (10 kHz) pulsed 
laser was used for primary excitation.  At similar average intensities to those used for 
continuous wave (cw) excitation, with a constant secondary laser excitation (805 nm, 300 
kW/cm2), significantly larger enhancement was observed than previously seen with cw 
primary excitation (Figure 6.2A).  Additionally, as the excitation intensity of the 532 nm 
laser was increased a corresponding increase in the enhancement was observed in 
contrast to what was seen with primary cw excitation (Figure 6.2A).  The long time 
interval between primary laser pulses (~100 μs) coupled with sufficient intensity of the 
secondary laser ensures that the depopulation of the dark state arises solely from the 
lower energy excitation without any competition from the primary laser.  The effect of 
the long interval between excitation pulses is further illustrated in the comparison of the 
intensity dependence of the secondary excitation under constant cw 530 nm (11 W/cm2) 
and pulsed 532 nm (200 W/cm2) primary excitation (Figure 6.2B).  Due to the competing 
absorption, the maximum enhancement with 530 nm cw excitation is less than a factor of 
2 and only approaches that value with secondary excitation intensities of ~600 kW/cm2.  
Pulsed excitation yields 2 fold enhancement below 100 kW/cm2 secondary laser intensity 





Figure 6.2. A. Plot of 532 nm pulsed excitation intensity vs. emission rate for single laser 
excitation (black) and dual laser excitation (red) (300 kW/cm2) comparing the saturation 
levels showing a substantial increase in the fluorescence. B. Enhancement factor 
dependence on the 805 nm secondary laser intensity for cw (11 W/cm2) and pulsed (200 
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efficient reverse intersystem crossing from the primary laser excitation allows for 
significantly lower secondary laser excitation intensities and larger overall enhancement 
as compared to single laser excitation.  Desaturation of absorption due to low energy 
secondary laser excitation yields significant enhancement of bulk fluorescence by 
facilitating a larger population in the ground singlet state to be excited with the 
subsequent 532 nm pulse.  The high rate of intersystem crossing reduces required primary 
intensities.  Another consequence of the very efficient population of the dark state is a 
diminished fluorescence quantum yield (2%).   
 
6.4 Erythrosin B & Eosin Y Enhancement 
While enhancement of rose bengal illustrates the necessity of an efficient 
population of the dark state for photobrightening, in many ways it is a limiting example 
based on its weak overall fluorescence.  Studying the photophysics of dyes in the same 
family, eosin y and erythrosin b, with moderately higher quantum yields should give 
further insight into the characteristics promoting optical enhancement.  Initial 
experiments to test the photobrightening of erythrosin b showed similar results as rose 
bengal except with slightly lower levels of enhancement.  On the other hand, secondary 
excitation (800 nm, 300 kW/cm2) of eosin y not only resulted in no enhancement, but 
significant fluorescence dampening was seen where the fluorescence signal was reduced 
by as much as 50%.  This sudden decrease in fluorescence is likely due to rapid 
photobleaching induced by populating more reactive high energy triplet states.  
Interestingly, similar behavior could also be induced in erythrosin b but only at very high 
secondary laser intensities (>800 kW/cm2).  This fits well with the results reported by 
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Eggeling for several dyes including eosin y.175  As the presence of oxygen should 
facilitate the bleaching process, additional experiments were performed in an oxygen free 
environment by continuous flow of nitrogen through a sealed fluorescence observation 
chamber. Using these new conditions, a 1 μM solution of eosin y readily demonstrated 
fluorescence enhancement on exposure to the secondary laser.  So adopting the proper 
conditions all three dyes can be photobrigthened, warranting a detailed comparison of the 
three.  This should lead to a better understanding of how the specific photophysics 
demonstrated here affect enhancement properties. 
 As all three dyes have different intersystem crossing rates and fluorescence 
quantum yields, investigation of how the enhancement of each system is affected by the 
varying photophysics was performed.  To minimize the effects of photobleaching, 
comparisons were made for deaerated samples of all dyes.  Using 532 nm pulsed primary 
excitation (200 W/cm2) in deoxygenated aqueous solutions, 6 fold rose bengal, 2 fold 
erythrosin b, and 1.1 fold eosin y enhancements were observed at identical secondary 
excitation intensities (Figure 6.3A). An identical experiment with aerated samples 
resulted in lower levels of enhancement for both rose bengal and erythrosin b, 
presumably from oxygen assisted photobleaching (Figure 6.3B).  The large triplet 
quantum yield for rose bengal facilitates efficient population of the dark state even with 
an individual pulse of the primary laser.  The other dyes with lower triplet quantum yields 
exhibit less efficient crossing to the dark state.  Resulting in larger enhancement, rose 
bengal’s efficient intersystem crossing, however, also leads to a lower fluorescence 




Figure 6.3.  A. Enhancement dependence in a deoxygenated solution for rose bengal 
(black), erythrosin b (red), and eosin y (blue) on the 805 nm secondary laser intensity 
using 532-nm primary pulsed excitation (200 W/cm2).  B. Enhancement dependence in an 
aerated solution for rose bengal (black), erythrosin b (red) on the 805 nm secondary laser 




















































quantum yields lead to larger enhancement factors.  Clearly the formation efficiency and 
the long lifetime of that dark state (off time) are major factors in the determining a dyes 
capacity for fluorescence enhancement.  These considerations, however, need to be taken 
in the context of overall fluorophore quality.  The potential for significant enhancement 
in the presence of dominant dark state photophysics becomes detrimental if fluorophore 
emission rates are simultaneously constrained. 
 
6.5 Modulation and Signal Extraction 
All three of the xanthenes-based dyes showed at least moderate enhancement which 
should allow fluorescence modulation via secondary laser excitation.  In order to 
determine the feasibility of signal modulation, each dye was simultaneously exposed to a 
constant primary laser and modulated secondary laser.  Figure 6.4A shows the time trace 
from a 1 µM solution of eosin y in a nitrogen rich environment while exposed to a 
primary 530 nm laser (70 W/cm2) and a secondary 805 nm laser (280 kW/cm2) 
modulated at 1 kHz.  A modulated component appears to be present in the emission, but 
given the high repetition rate it is difficult to determine the actual frequency.  Taking a 
Fourier transform of the time trace, a clear peak is seen at 1 kHz indicating that the laser 
modulation has been imprinted on the fluorescence signal (Figure 6.4B). Rose bengal and 
erythrosin exhibited similar modulation in both aerated and deaerated conditions.  Since 
fluorescence signals can readily be modulated in the presence of a chopped secondary 
laser, specific signal extraction should be feasible in the same fashion previously 





Figure 6.4 A. Time trace of deoxygenated 1 µM aqueous eosin Y with 530 nm (70 
W/cm2) and 805 nm excitation (280 kW/cm2) modulated at 1000 Hz showing 
enhancement in phase with the modulation. B. Fourier transform of the time trace 
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In order to verify that fluorophores with the general enhancement characteristics 
shown by these dyes are suitable for signal extraction, a simple demonstration was 
performed using rose bengal.  A large area was illuminated with 530 nm primary 
excitation (50 W/cm2), with a smaller secondary 805 nm laser (400 kW/cm2) spot focused 
in the center of the larger 530 nm spot.  A 3-dimensinal plot of an average frame from the 
raw data shows a nearly homogeneous fluorescent signal across the entire image (Figure 
6.5A).  The signal from dual laser exposure is slightly visible is slightly visible with the 
high background as indicated by the arrow in figure 6.5A.  Upon demodulation by 
extracting the frequency component that matches the modulation frequency (2 Hz) for 
each pixel, only the ones simultaneously exposed to both lasers are revealed while all 
others are eliminated.  The 70 pixel wide feature in the raw image is reduced to a 5 pixel 
wide area matching the size of the 805 nm laser.  The barely discernible shoulder in the 
raw image is now the only feature in the demodulated image.  The Fourier transfer of a 
time trace of a pixel from the area exposed to the 530 nm laser (Figure 6.5C) shows no 
obvious frequency component, however, the Fourier transform of a pixel simultaneously 
exposed to both lasers (Figure 6.5D) shows that modulation (2 Hz) is clearly imposed on 
the pixels with dual laser excitation but not in the other.  This nicely demonstrates that a 
signal which was seemingly buried within large background fluorescence can be 
extracted simply by selectively modulating the desired signal.  In order to quantify the 
actual background elimination, the intensity of a pixel in the area illuminated by two 
lasers was compared to a corresponding pixel from single laser illumination.  In the 




Figure 6.5. A. Raw 3-dimensional plot of an individual frame of rose bengal solution 
fluorescence with defocused 530 nm excitation (~50 W/cm2) and tightly focused 805 nm 
co-excitation (400 kW/cm2) modulated at 2 Hz, coupled with synchronous ccd detection 
at 20 Hz. B. Demodulated 3-dimensional plot showing the extraction of the signal from 
the pixels that are simultaneously exposed to both lasers. C. Fourier transform of a 
fluorescence trajectory from an area only exposed to the 530 nm laser (no modulated 
component). D. Fourier transform of a fluorescence trajectory from an area exposed to 
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signal amplitude of A~71 counts (based on the amplitude of the 2-Hz component in the 
Fourier transform, Fig. 6.5D). With a background of ~1000 counts, the signal (6.5C) to 
background ratio is ~0.14.  For the demodulated image the modulated signal amplitude, 
A, is ~71 but now the background has been reduced to ~4 counts, yielding a 
signal:background of ~18. Thus, as modulation depth is the crucial parameter for signal 
extraction, even these weakly emitting dyes yield >100-fold improvements in signal 
visibility. The signal to noise improvement can be estimated in a similar fashion. The 
average counts during dual laser exposure are 1071, while single laser excitation gives an 
average count rate of 933, resulting in an enhancement of 138 counts. The noise 
estimated from the standard deviations of the enhanced and non-enhanced portions of the 
time trace were 47 and 44, respectively. Subtracting the single laser-excited background 
yields an estimated signal (138) to noise ( 44 2 + 472  ~ 64) of ~2.16. In the demodulated 
image, only the noise at the modulation frequency (2.1 counts) contributes (as estimated 
from standard deviation of the frequency dependent intensities in the Fourier transform), 
yielding a demodulated signal to noise of 71/2.1 ~34.  This corresponds to a >15-fold 
signal to noise improvement over the averaged, background-subtracted image. 
Despite their limited brightness which renders them poor biological imaging 
agents, these dyes nicely demonstrate the concept of improved sensitivity defining a 
general set of parameters for engineering and selecting more viable dyes.  Clearly dark 
state absorption must be at lower energy than the collected fluorescence.  This allows 
longer wavelength excitation to achieve fluorescence enhancement without generating 
any additional background.  Thus, the secondary excitation waveform can be selectively 
applied only to the target fluorophore.  Additionally, the dark state should have a finite 
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lifetime such that it naturally decays, repopulating the emissive state.  In such systems the 
fluorophore is continuously emitting simply at a lower intensity level under one laser 
excitation and a higher level under dual laser excitation.  The secondary laser can be used 
to regularly cycle between the two states without the need to transiently bleach the 
fluorophore such as with a photoswitchable dye.   Resulting in complete dynamic control 
over the modulation frequency, the external laser drives the cycling frequency with 
absolutely no dependence on the actual laser intensity.  The population of this dark state 
is also crucial.  While the fluorophore must have relatively efficient crossing into the dark 
state, an abbreviated on time coupled with a long off time leads to significantly 
diminished fluorescence quantum yields.  As discussed previously, the ratio of off and on 
times determines the potential enhancement factor where the on time is dependent on the 
probability of transitioning to the dark state.  This ratio must be large enough to yield 
substantial enhancement (~3x), yet small enough to avoid severely limiting the 
fluorescence quantum yield.  As the off time needs to be transiently shortened to induce 
modulation, optical depopulation of the dark state must also be highly efficient.  This 
requires large action cross sections.  Allowing for low secondary laser excitation 
intensities, efficient repopulation of the emissive manifold limits the required number of 
absorption cycles out of the lower level dark state.  As demonstrated by the rapid 
photobleaching of eosin y during two laser excitation, higher energy excited states must 
be relatively non-reactive.  Not only does this limit potential enhancement; bleaching also 
leads to signal degradation hindering biological characterization.  Spectral overlap 
between absorption of the dark state and the primary excitation is also problematic.  If the 
primary laser induces dark state depopulation, the off time is prematurely shortened 
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lowering the potential enhancement from the secondary laser.  Thus, fluorophores should 
have complete spectral separation between the primary and the secondary absorption.  
Additionally, depopulating the dark state with near infrared excitation would be ideal as it 
results in lower background in general than exciting with higher energy visible light.  
Despite their poor fluorescence quantum yield, these dyes were useful in 
determining the characteristics described above.  From these results it is clear that 
complicated photophysical processes influence fluorescence enhancement.  Few existing 
fluorophores are likely to exhibit the properties necessary for efficient optical 
modulation, which explains the uniqueness of Ag nanoclusters.  The most direct path to 
an ideal fluorophore for signal modulation will involve engineered dyes based on an 
existing system that already exhibits a majority of the necessary criteria. 
 
6.6 FRET-Based Fluorescence Enhancement 
While fluorescence intermittency based on dark states shows potential, systems with 
engineered dark states based on easily managed parameters may be more ideal for optical 
modulation.  It is useful to think of enhancement in general terms that can be applied to 
all fluorescent systems.  The effect of fluorescence intermittency can be readily described 
by changes in the fluorescence quantum yield, where the fluorophores exhibit a lower 
quantum yield as the dark state is populated and higher quantum yield in the presence of 
a secondary laser.  Analogously, donor emission in Forster resonance energy transfer 
(FRET) systems also exhibits a change in fluorescence quantum yield.  The presence of 






























































transfer. Thus, any process that inhibits energy transfer would result in a corresponding 
increase in the donor emission.  The level of potential donor enhancement is tied directly 
to the FRET efficiency.  Theoretically, FRET systems could allow the donor fluorescence 
to range from near zero to the full typical emission all controlled by engineering the 
distance between the donor and acceptor.  As the enhancement is linked to the increase in 
quantum yield, the maximum enhancement factor is also determined by FRET pair 
separation. 
Donor to acceptor energy transfer can be blocked via direct excitation of the 
acceptor with a secondary laser.  This alternate excitation leads to population of the 
acceptor excited state inhibiting the energy transfer pathway resulting in higher donor 
emission.  This process has been successfully demonstrated for cyanine based dyes137 as 
well as fluorescent proteins.134,135  FRET based optical modulation could be used to 
circumvent several of the issues involved in the direct modulation of existing organic 
dyes.  Bioimaging applications involving FRET are wide-spread and accessible with a 
variety of different fluorophores.  Thus, nearly any fluorescent label could be 
incorporated into a signal modulation scheme dramatically expanding the scope of the 
technique.  Additionally, enhancement with common fluorophores requires complex 
photophysical interactions involving dark state transitions which potentially diminish the 
dye’s quantum yield.  In contrast to this, FRET based systems maintain the inherent 
fluorescence quantum yield of the donor and are not subject to potential repeated dark 
state cycling prior to emission.  The concept of FRET based modulation using a DNA 
hairpin structure with cy3 and cy5 is schematically outlined in figure 6.6.  The proximity 
of the donor and acceptor should result in relatively large FRET efficiencies, advancing 
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the potential for large enhancement. Increasing the 570 nm donor emission, simultaneous 
exposure to the secondary laser on resonance with the acceptor excitation disrupts the 
energy transfer.  As the secondary laser is at lower energy than the collected donor 
emission no additional background is generated. 
 
6.7 Intensity-Dependent Enhancement 
Inhibiting energy transfer is dependent on simultaneously populating the excited state of 
the acceptor and the donor such that the transfer pathway is no longer accessible.  Given 
the relatively fast lifetimes of the excited state (~ns) for typical organic fluorophores, one 
would expect enhancement would only result from fairly high cw excitation rates.  In 
order to estimate the required intensities and the potential enhancement, the behavior of 
FRET systems with two laser excitation was modeled.  A state diagram was constructed 
depicting the various transitions populating and depopulating each state (Figure 6.7A).  
Included in the model are donor ground (D) and excited (D*) states, as well as acceptor 
ground (A), excited (A*).  The dark states for the acceptor are also included and are 
indicated by (Ad).  The symbol (k) indicates a rate where transitions into the excited state 
are represented by the subscript Exc and Fl denotes fluorescence.  For typical FRET 
studies using single laser excitation, the donor is initially in the ground state (D) until an 
absorption event populates the excited state (D*).  The molecule can then either emit a 
photon returning to (D) or undergo energy transfer populating (A*).  The presence of a 
secondary laser creates an alternate pathway to populate (A*), resulting in a fairly 





Figure 6.7. A. Schematic model enabling donor fluorescence enhancement and 
modulation through dual laser excitation.  B. Rate equations corresponding to population 


































































Excitation rates are defined as simply the absorption cross section (σ) multiplied by the 
excitation intensity (I), while fluorescence rates are determined by the inverse of the 
fluorescence lifetime.  The energy transfer rate, kET, can be calculated from the 
fluorescence rate and the energy transfer efficiency, as depicted in equation 6.1 
 
 ET kF E 1                        Equation 6.1 
 
where the E represents the transfer efficiency.  From this diagram a system of rate 
equations can be constructed that describe the population and depopulation of each of the 
states (Figure 6.7B).   Solving this set of differential equations yields the relative steady  
state populations in each of the 6 states.  In the presence of only donor excitation, the 
population of the acceptor excited and dark states are entirely dependent on energy 
transfer.  The introduction of the secondary laser results in additional pathways for 
acceptor population.  The steady state population of the acceptor excited state was solved 
for both the case of single and dual laser excitation.  The rates of energy transfer and 
fluorescence of the donor (i.e. quantum yield) were solved for each case.  Subsequently 
the calculated rate of fluorescence in the absence of a secondary laser divided by the 
corresponding rate under dual laser excitation yields the enhancement factor for a given 
set of paramaters. 
For comparison, two separate FRET systems were chosen based on labeling 
opposite ends of the hairpin shown in Figure 6.6 (5'-TAT CCG TCC CCC ACG GAT 
A-3') with corresponding FRET pairs.  The first system comprised of 6-Fam (6-
carboxyfluorescein) on the 5’ end and TAMRA (tetramethyl rhodamine) to the 3’ end 
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was chosen because TAMRA is known to have a low dark state quantum yield (~.001) 
and short dark state lifetime (~10 μs).184,185  Experimental studies of this system were 
then compared to the modeled data.  Using a typical confocal setup, a 125 nM solution of 
6-FAM/ TAMRA was exposed to constant 10 kW/cm2 donor excitation while the 
secondary laser (561 nm) intensity was varied.  A maximum enhancement of 60% was 
achieved at a 561 nm intensity of 100 kW/cm2 (Figure 6.8A, black).  Modeling the same 
system as described above, the photophysical parameters used for determining transitions 
between states for 6-fam-Tamra were λd = 476 nm, λa = 561 nm, dark = .001, τd = 3.5 ns, 
τa = 3.0 ns , Efret = .90,  τdark- = 10 μs, Id = 10 kW/cm2, εd= 60,000, εa = 50,000.  The 
calculated intensities correspond quite well with the experimental data with both showing 
the same trend in response to increasing secondary laser intensities and similar maximum 
enhancement of ~60% (Figure 6.8A, red).  A comparison of steady-state fluorescence 
from just the donor and the donor in the presence of the acceptor showed a FRET 
efficiency of ~90%.  Analogous to the calculations for dark state transitions, the 
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This gives 6-FAM/ TAMRA a 10 fold potential enhancement.  Even at the high 
intensities used for these experiments, the enhancement never approached the maximum 
levels.  While 6-FAM/TAMRA studies clearly demonstrate the feasibility of engineering 
FRET based signal enhancement, such high intensities would be prohibitive for 




Figure 6.8. Predicted and experimental intensity dependence of donor fluorescence 
enhancement upon acceptor co-illumination. A. Predicted enhancement (red line) of a 6-
Fam/TAMRA-labeled hairpin undergoing FRET (EFRET measured at ~90%) with constant 
cw 476 nm (10 kW/cm2) excitation and varied cw 561 nm intensity using a dark state 
quantum yield of 10-3 and dark state lifetime of 10 µs. Measured enhancement from a 
125nM aqueous solution (black ■) with 476-nm (10 kW/cm2) primary and varied 561-nm 
secondary excitation. B. Predicted enhancement (red line) of a Cy3/Cy5 hairpin 
exhibiting FRET (EFRET~47%) with constant cw 496-nm (750 W/cm2) primary excitation 
and varied cw 633-nm secondary excitation using an acceptor dark state quantum yield of 
6x10-4 and dark state lifetime of 100 μs. Measured enhancement with constant 496-nm 





















561 nm Intensity (kW/cm2)

















survivability.  More efficient enhancement requires either longer acceptor excited state 
lifetimes or more efficient excited state population. 
As the population of any state that suppresses FRET should increase 
enhancement, the presence of a long lived acceptor dark state should inhibit energy 
transfer at much lower intensities.  As cy5 has been reported to have a long lived dark 
state (~100 μs) resulting from cis-trans isomerization,186,187 6-FAM and TAMRA were 
replaced with cy3 and cy5 on an identical hairpin structure.  To test their viability, this 
new set of dyes was modeled integrating the appropriate photophysical parameters, λd = 
496 nm, λa = 633 nm, dark = .0006, τd = 3.5 ns, τa = 3.0 ns , Efret = .47,  τdark- = 100 μs, Id  
= 1kW/cm2, εd= 30,000, εa = 250,000.  Remarkably, calculated results readily reached 
90% enhancement at secondary intensities of only 30 kW/cm2 (Figure 6.8B, red).  With a 
measured FRET efficiency of 47%, this represents near maximum potential enhancement.  
Despite residing on the same hairpin structure, the efficiency shown here is lower than 
the 6-FAM/TAMRA system, likely resulting from a lower degree of spectral overlap.  In 
order to verify these results experimentally, the secondary laser (633 nm) intensity 
dependence of a 1 μM solution was explored with constant 496 nm (1kW/cm2) primary 
excitation. 
Here the experimental data definitively reproduced the intensity dependence 
modeled using the photophysical properties of the acceptor and donor (Figure 6.8B, 
black).  A slight variance at very high secondary excitation (> 30 kW/cm2) is likely due 
to donor bleaching during the short transit time through the focal volume.  Clearly the 
population of a long lived dark state (cy3-cy5) renders the molecule inaccessible to 
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energy transfer generating enhancements at lower secondary intensity than in the absence 
of such states (6-FAM-TAMRA).  
 
6.8 Modulation and Signal Extraction Using FRET Systems 
In systems where enhancement originates from dark state depopulation, maximum 
modulation frequencies are only restrained by off and on times.  However, the limits on 
the modulation frequency of FRET systems are imposed by the lifetime of the dark state 
and the time needed to reach a steady state population of the dark state.  As the 
modulation time approaches the timing of these two processes, the modulation depth 
should decrease until such a point where the secondary laser is modulating faster than the 
system has the ability to even partially recover.  Using the rate model for the cy3/cy5 
system, the modulation depth (i.e. enhancement factor) was calculated at increasing 
modulation frequencies.  By limiting the duration of the secondary laser, the state steady 
state population of the dark state was reduced resulting in less inhibition of FRET (Figure 
6.9, black).  At frequencies near 4 kHz, the calculated enhancement fell from a high of 
60% down to ~20%.  To verify these results experimentally, a 1 μM solution of cy3/cy5 
was simultaneously excited with a 496 nm laser (500 W/cm2) and a modulated 633 nm 
laser (10 kW/cm2).  The resulting enhancement was calculated via two methods- direct 
comparison of the dual laser to the single laser emission intensity in the time trace and the 
amplitude of the Fourier transform of the time trace (inset Figure 5.9).  A clear and steady 
decrease in the enhancement was observed with increasing modulation frequency (Figure 
6.9, red).  Corresponding well with the modeled data, the enhancement decreased to 




Figure 6.9. Cy3 fluorescence enhancement within the Cy3/Cy5 hairpin (1μM, aqueous), 
calculated from the 50-μs-binned time trace modulation depth, versus modulation 
frequency (red ▲, varied from 500 Hz to 3900 Hz). Cy3 emission was excited with 
primary 496 nm cw laser (500 W/cm2) and secondary laser (10 kW/cm2 633 nm cw). 
Modeled dependence of the enhancement on the modulation frequency (black ■) using an 
acceptor dark state quantum yield of 3x10-4 and dark state lifetime of 500 μs. Inset: 
Integrated area of the modulation frequency component in the Fourier transform of the 










































Figure 6.10. A. Average frame of Cy3-Cy5 hairpin structure in solution with 496 nm cw 
defocused excitation (700 W/cm2) and more tightly focused 633 nm cw laser (10 
kW/cm2). Secondary excitation was chopped at 4 Hz; synchronous ccd detection was at 
40 Hz. B. Whole image demodulation of the series of frames extracting only the 
modulated component at the pixels simultaneously exposed to both lasers. C.  
Representative time trace of a pixel within the dual illumination area. Inset showing 1 
second interval of time trace.  D. Fourier transform of the signal from C showing the 
modulation frequency encoded on the donor fluorescence, and the advantage of shifting 
the detection frequency away from the large low frequency peak Inset showing the 













































approaching the time necessary to build up dark state populations that efficiently limit 
energy transfer.  While such behavior limits available modulation frequencies, sufficient 
enhancement can be generated at moderate frequencies allowing us to demonstrate signal 
extraction. 
 In order to confirm that FRET based modulated signals can also be used for signal 
extraction, a 1 μM solution of the cy5-cy3 hairpin system was simultaneously exposed to 
a defocused 496 nm primary laser (700 W/cm2) and a focused secondary 633 nm laser 
(10 kW/cm2) modulated at 4 Hz.  Data was collected at a frame rate of 40 Hz to insure at 
least 5 frames per each off and on cycle.  An average frame exhibits a large fluorescence 
signal spread over several pixels (Figure 6.10 A).  Utilizing the same pixel by pixel 
demodulation process as demonstrated previously for Ag nanoclusters and rose bengal, 
reveals a much smaller fluorescence spot corresponding to the area of the secondary laser 
(Figure 6.10 B).  While the imposed modulation frequency is not readily apparent in the 
time trace from a pixel illuminated by both lasers (Figure 6.10 C), the resulting Fourier 
transform (Figure 6.10 D) nicely reveals the 4 Hz frequency component.  To quantify the 
increase in signal to noise, the average image was compared directly to the demodulated 
image.  Although unobservable with a signal to background estimated at ~0.005, the 
signal to noise within the average image is estimated in the ideal case to be ~0.44, based 
on the amplitude of the 4-Hz signal in the Fourier transform to the DC background noise 
(sqrt (8750)). Upon demodulation at 4 Hz, the signal (~41 cts) to background (~4 cts) 
improves to ~10 for the dual laser-illuminated pixels, while signal (41 counts) to noise 
(~1.8 counts), estimated from the standard deviation in frequency dependent intensities in 
the Fourier transform, improves to 23. Upon demodulation, signal to background and 
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signal to noise are therefore improved by ~2000-fold and ~50-fold, respectively.  
Therefore, the potential exists to engineer fluorescent systems from a wide array of 
existing fluorophores that can be utilized in FRET based signal extraction schemes. 
 
6.9 Conclusion 
The use of xanthenes dyes with large dark state quantum yields demonstrated that 
systems outside of Ag nanoclusters can be used for fluorescence modulation based signal 
extraction.  While poorly suited for practical biological applications, these dyes helped 
illustrate that specific photophysical properties are required for optimized fluorescent 
systems.  Targeting or engineering dyes with these characteristics could potentially lead 
to a specialized system of fluorescent labels, specifically designed for optical modulation.  
A limited survey of organic dyes, however, shows that these properties are exceedingly 
rare, and are so far best demonstrated by the as yet not fully developed Ag nanoclusters.  
Avoiding new fluorophore development, engineered FRET systems exhibit significant 
donor enhancement in the presence of direct acceptor excitation.  The generalization of 
this new imaging concept afforded by its extension to FRET based systems offers 
significant advantages: a wider variety potential fluorophores, control over potential 
enhancement via FRET efficiency, and elimination of the need for specialized 
photophysical properties. 
Still, there are some challenges.  Even the lower intensities used for the cy3-cy5 
system, would likely cause significant photobleaching for immobilized samples such as 
used in many biological imaging applications.  Also the limitations imposed on the 
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modulation frequency would be incompatible with measuring dynamics on time scales 
faster than 10s of milliseconds.  The FRET systems showing here are promising, but 
practical application will require improvements.  Minor technical modifications, perhaps 
involving pulsed excitation sources, and more suitable FRET based fluorescence systems 





















CONCLUSIONS AND FUTURE OUTLOOK 
 
Fluorescence microscopy has grown to become one of the most widely used and versatile 
techniques for the characterization of cellular function and dynamics.  Since its inception, 
the intricacy of biological imaging has grown as applications are designed for the 
visualization of increasingly smaller subcellular components.  Imaging many of these 
macromolecules, which reside at low population levels in the cell, places an increased 
emphasis on distinguishing features through higher sensitivity.  Experimental sensitivity 
is currently limited by inherent background fluorescence and relatively poor 
fluorophores.  In spite of this, constant innovation in both fluorescent probes and 
techniques has led to our ever expanding knowledge of biological systems. Many studies, 
particularly at the single molecule level, would benefit greatly from the development of 
brighter and more photostable fluorophores. 
 Based on their exceptional brightness and photostability, Ag nanoclusters 
demonstrate the potential to increase sensitivity in biological imaging.  Beyond this, we 
have shown that Ag nanoclusters exhibit very unique photophysical characteristics that 
allow for optical depopulation of a microsecond dark state.  Exposing Ag nanoclusters to 
a secondary laser at lower energy than the emission leads to dynamic photobrightening of 
nanocluster emission.  While this alone would result in higher sensitivity, the modulation 
and subsequent extraction of the fluorescent signal extends basic signal processing 
techniques to fluorescence imaging.  From this, we have successfully demonstrated that 




Despite their great promise, Ag nanoclusters require substantial development 
before their application in biological imaging.  Other fluorescent systems, however, can 
potentially be engineered to demonstrate similar characteristics.  While existing 
fluorescent probes with the requisite properties are difficult to identify, less than ideal 
dyes enable the development of a general set of parameters that will be instrumental in 
selecting and engineering fluorophores specifically for optical modulation.  Matching the 
necessary criteria, FRET systems readily demonstrate sensitivity improvements through 
signal extraction methods even in high backgrounds.  Integrating other more commonly 
used fluorophores into modulation based schemes will simultaneously increase the utility 
and facilitate further optimization of this new technique. 
One can easily imagine the expansion of optical modulation to applications in 
cellular imaging.  For example, imaging of low copy number proteins, which are 
currently obscured by background, could potentially be realized with such sensitivity 
improvements.  The studies shown here represent the first stage in the development of a 
novel concept for higher sensitivity imaging.  The second stage will involve the precise 
development of optically modulated fluorescent systems tailored to specific applications. 
While requiring some technical refinement, the three systems discussed here, Ag 
nanoclusters, engineered dyes, and FRET systems, in some combination, are likely to 
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